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B. Tasks and achievements 
There are two main tasks of this NEUP project:  

          1) Develop the experimental and simulation methods to evaluate the electrochemical and 

thermodynamic properties of nuclear materials in the LiCl-KCl molten salt. Emphasis was placed 

on the U and Pu due to the safeguards concerns.  

         2) Develop an integrated model to predict the material flow and inventories during the 

electrorefining.  

 

To achieve these goals, molecular dynamics simulation and phase assessment have been conducted 

at The Ohio State University (OSU) to calculate the properties of U, Pu, and other lanthanides in 

LiCl-KCl molten salt. These properties include apparent potential, activity coefficient, diffusion 

coefficient, and solubility. Simultaneously, extensive electrochemical experiments including 

cyclic voltammetry (CV), open circuit potential (OCP), Tafel plot, linear polarization (LP), and 

electrochemical impedance spectroscopy (EIS) techniques were performed in Virginia 

Commonwealth University (VCU) to determine the parameters of U. Specially, the exchange 

current density (i0) of U/U3+ reaction was intensively explored in LiCl-KCl eutectic salt. Based on 

all the fundamental data obtained, the project developed an integrated model to predict the material 

separations in electrorefining, actinide drawdown and rare earth drawdown processes. The 

resulting database will provide an insight into fundamental understanding and signatures for 

material accountability for the electrorefining process in pyroprocessing for spent fuel treatment. 

 

 

Part I: Technical Report from the Ohio State University 
--Thermodynamic property calculation for U, La, Y, Sc, and Tb in LiCl-KCl molten salt and 

integrated model development to safeguard the pyroprocessing facility 

 

Wentao Zhoua, Yafei Wanga,b, Jinsuo Zhanga,b  

a Nuclear Engineering Program, Department of Mechanical and Aerospace Engineering 

The Ohio State University, Columbus, OH 43210 
b Nuclear Engineering Program, Department of Mechanical Engineering, Virginia Polytechnic 

Institute and State University, Blacksburg, VA 24060 
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Nomenclature 
 

A surface area or constant θ constrictivity factor of porous structure 

B constant ϕ effective transport-through porosity 

C concentration τ tortuosity factor 

D diffusion coefficient ρ mass density 

E potential γ activity coefficient 

F Faraday constant or Helmholtz free 

energy 

α electron transfer coefficient 

H height of the solid anode η overpotential 

I current Superscript and subscript 

K mass transfer coefficient  

L thickness 0 standard condition 

M metal ap apparent potential 

N total element number a anode 

N interface normal alloy undissolved alloy 

R gas constant AE active elements 

S solubility b bulk concentration 

T temperature Cd cadmium 

U  flow velocity c Cathode or crystal 

V volume dis dissolution 

W weight percent EC Einstein crystal 

a activity f formal potential 

d hydraulic diameter fusion property of fusion 

e electron i element 

f mass flux or constant id ideal condition 

g constant j element 

j exchange current l liquid electrode 

k rate constant ms molten salt 

kd constant n electron number 

m molar weight O oxidant 

n number of electron porous porous structure 

r radius open open space solution 

x molar fraction p_Zr porous Zr layer 

z atom number R reductant 

δ thickness of Nernst diffusion layer s surface concentration or solid electrode 

v kinematic viscosity sc supercooled 

μ dynamic viscosity slb solubility 
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EXECUTIVE SUMARRY 
Pyroprocessing is an electrochemical method based on the molten salt electrolyte, mainly the LiCl-

KCl eutectic molten salt, to recycle the used nuclear fuel. For a conceptual design of commercial 

pyroprocessing facility, tons of special nuclear materials, namely U and Pu, may be involved, 

which could be used for non-peaceful purposes if they are diverted. Effective safeguards 

approaches have to be developed prior to the development and construction of a pyroprocessing 

facility. Present research focused on two main objectives, namely calculating the properties of 

nuclear species in LiCl-KCl molten salt and developing integrated model to safeguard a 

pyroprocessing facility. Understanding the characteristics of special nuclear materials in LiCl-KCl 

eutectic salt is extremely important to understand their behaviors in an electrorefiner. The model 

development for the separation processes in the pyroprocessing, including electrorefining, actinide 

drawdown, and rare earth drawdown benefits the understanding of material transport and 

separation performance of these processes under various conditions. The output signals, such as 

potential, current, and species concentration contribute to the material balance closure and provide 

safeguards signatures to detect the scenarios of diversion. U and Pu are the two main elements 

concerned in this study due to our interest in safeguards.  

 

By molecular dynamics simulation, fundamental data of UCl3, LaCl3, YCl3, ScCl3, and TbCl3 in 

LiCl-KCl molten salt, namely activity coefficient, apparent potential, and diffusion coefficient, 

were calculated by molecular dynamics simulation method up to a high concentration of around 3 

mol%. Emphasis was placed on their concentration dependence since almost all the literature data 

were obtained in dilute solutions, which may not be applicable to the practical facilities with high 

concentration nuclear materials. Our results indicate that the activity coefficient and apparent 

potential increase with the concentration. The diffusion coefficient keeps nearly constant at low 

concentration but it proceeds to increase followed by a decrease at high concentration even though 

the variation range of diffusivity is small.  

 

The phase diagram of LiCl-KCl-PuCl3 was assessed by the CALculation of PHAse Diagram 

(CALPHAD) method. It was found that the apparent potential also increases with the 

concentration. The solubility of PuCl3 in LiCl-KCl was determined to be 41.5 mol% at 773 K.  

 

Integrating these fundamental data with electrochemical theory, a kinetic model was eventually 

developed to predict the material transport in the electrorefiner. After being validated by literature 

data, a transport case with seven species, including Zr, U, Pu, Am, La, Gd, and Ce was studied to 

investigate the separation between noble metals, actinides, and lanthanides, The electrorefining, 

actinide drawdown, and rare earth drawdown were run under different conditions, such as different 

electrodes and current patterns. The potential, current, and species concentration obtained from the 

model were used to analyze the material transport behaviors and separation degrees under different 

cases. Extensive data was determined and collected to provide the signatures of safeguards for the 

pyroprocessing. 
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1 Introduction 
Pyroprocessing is an electrochemical method to recycle the actinides contained in used nuclear 

fuel (UNF) based on the molten salt electrolyte. It was originally developed by ANL [1][2] and 

used to process the metallic fuel discharged from EBR-II as a part of the Integral Fast Reactor 

(IFR) program initiated in 1984 to demonstrate the fast reactor on-site fuel cycle closure [3]. The 

conceptual flowsheet of the method is illustrated in Figure 1.1. 

 

 
 

Figure 1.1. Conceptual flowsheet of pyroprocessing to process oxide and metallic fuels 

 

Even though it was initially designed for the treatment of metallic used fuels from fast reactors, 

pyroprocessing can also be extended to process oxide fuel from light water reactors (LWRs) with 

an additional step of oxide reduction based on a molten Li2O-LiCl salt, which has been well 

reviewed by Choi et al. [4]. The key element of the pyroprocessing is the electrorefining process, 

where U and transuranium (TRU) elements are electrochemically separated with noble metals 

(NMs) and fission products (FPs), as is shown in Figure 1.2 [5].  Metallic UNF or reduced oxide 

fuel are charged in a perforated basket as the anode, inside which active elements, such as actinides 

and active fission products are oxidized into the LiCl-KCl electrolyte. The elements whose 

potentials are lower than that of U are dissolved into the LiCl-KCl electrolyte with U and others 

are left in the anode basket. At the cathode side, uranium is deposited on the solid cathode 

selectively by controlling the applied current. Residual uranium, plutonium, and minor actinides 

are then deposited into liquid cadmium cathode (LCC) or on a solid electrode based on 

electrorefiner design. Both products go through the cathode processing to clean the salt or 

cadmium by distillation before injection casting and fuel fabrication [6,7].  More active FPs such 

as lanthanide metals and alkaline earth metals remain in the electrolyte, with some actinides. 

Actinide drawdown is applied to clean the actinides, which are oxidized and returned to the 

electrorefiner for current support [8]. The remaining rare earth FPs are cleaned by rare earth 

drawdown. Other waste, for example, Cs and Sr, is prepared in ceramic form for the final disposal 

[8]. Cladding materials and other NMs residing in anode basket or at the bottom of electrorefiner 

are consolidated into metallic ingots in a metal waste furnace for the disposal [9].  
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         AM: Alkali metal FPs             AEM: Alkaline earth metal FPs 

         RE: Rare earth FPs                  MA: Minor actinides                      

Figure 1.2. Schematic figure of typical design of electrorefiner 

 

The reactions in electrorefiner can be expressed as 

Anode:                                             nM M ne    

Cathode:                                          nM ne M    

Net:                                                  ( ) ( )M anode M cathode  

 

Pyroprocessing is a dry process without the involvement of water. The LiCl-KCl molten salt has 

high radiation resistance. Therefore it has the potential capability to process a large amount of hot 

fissile materials, even when only cooling for several months through remote control with little 

worry about criticality risks and material degradation [10,11]. An economic advantage is also 

expected considering a more compact site with fewer steps, less equipment, and footprint [12,13]. 

Additionally, plutonium is co-deposited with uranium and other minor actinides as U/TRU 

products, which provides a barrier to the proliferation. Therefore, pyroprocessing is being 

considered as a promising alternative to the traditional PUREX process to recycle the UNF.  

Obviously, quantities of special nuclear materials (SNMs) are involved in the pyroprocessing. 

Approaches to secure and safeguard the pyroprocessing facility are essential before it can be 

commercialized.  

 

1.1  Safeguards of Special Nuclear Materials 

According to the International Atomic Energy Agency (IAEA), the objective of safeguards is the 

timely detection of the diversion of SNMs, in significant quantities, from peaceful to non-peaceful 

or unknown purposes [14], which is imperative for the civil use of nuclear energy. Timely 

detection indicates that the time from diversion to detection should be less than the time needed to 
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convert the nuclear materials to the component of a nuclear explosive device (conversion time). 

Significant quantities are the quantities minimally required to manufacture a nuclear explosive 

device for different kinds of special nuclear materials [14]. Significant quantities declared by 

IAEA are listed in Table 1.1 [15]. The main species needing safeguard are Pu and U considering 

their amount in UNF. The IAEA basically needs to verify the inventories of Pu and U and be aware 

of their distributions at various positions of the process flow to ensure that the operation is the 

same as declared and to detect any possible diversion scenarios [16]. Once the materials 

unaccounted for exceed their significant quantities in a conversion time, an alert should be given 

to stop the nuclear facility and close the material balances.   

 

Table 1.1. Significant quantities of different kinds of materials [15] 

Material Significant quantities 

Direct use nuclear material 

Pu (238Pu<80%) 8 kg Pu 
233U 8 kg 233U 

High enriched U (235U≥ 20%) 25 kg 235U 

Indirect use nuclear material 

Low enriched U (235U< 20%) 75 kg 235U 

Natural U 10 t natural U 

Depleted U 20 t depleted U 

Th 20 t Th 

 

1.1.1 Safeguards issues in pyroprocessing 

Considering a commercial facility with the reprocessing capacity of 100 tHM per year, Pu involved 

in the process could be up to 1 tHM, which is hundreds of times of its significant quantity. Because 

all the reprocessing plants nowadays are PUREX based process, unique safeguards methods for it 

have been well developed. However, key differences between PUREX process and pyroprocessing 

[17] challenges the application of these developed safeguards approaches to the pyroprocessing 

facilities. These key differences include: 

 

1.1.1.1  No accountability tank 

The most traditional method for safeguards is the material control and accountability by destructive 

(DA) or nondestructive assay (NDA).  However, this is only suitable for the PUREX process. In 

the PUREX process, all the UNF is dissolved into the accountability tank to generate a 

homogenous solution. Samples taken from it can represent the overall concentrations of Pu and U. 

Therefore their inventories can be determined easily by DA or NDA methods. Additionally, due 

to the continuity of the process, Pu and U can be readily tracked by analyzing the flow and 

separation conditions [18]. However, the method is hard to apply in the pyroprocessing, where the 

UNF is dissolved into LiCl-KCl electrolyte electrochemically instead of chemically. The anode 
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dissolution happens at the same time as the cathode deposition. It is a dynamic process and at no 

time during the process will all the UNF be distributed only in the electrolyte. It is thus not possible 

to determine inventories of Pu and U by sampling the electrolyte.  Other NDA methods to directly 

measure the Pu composition in UNF assembly, such as neutron counting, could have an uncertainty 

of several percent since it needs to be based on the DA to determine the Cm/Pu ratio first, which 

introduces uncertainty because of the heterogeneity of the fuel [19]. A significant quantity of Pu 

will be accumulated quickly even for a throughput of 100 tHM/year.  

 

1.1.1.2  Inability to flush out 

In the aqueous process, a flushout can be conducted to close the material balance with low 

uncertainty to determine whether the diversion of SNM occurs. In pyroprocessing, however, it 

may not be feasible to apply this. With the main purpose to separate the U from TRU and FPs by 

the electrochemical method, U should be kept above a certain concentration to support the applied 

current and guarantee the purity of the deposition [20]. Removing all the salt and actinides would 

interrupt the process and affect its efficiency [21]. 

 

1.1.1.3  Electrorefiner 

The electrorefiner is where all the separations happen. With the deposition of U, Pu is accumulated 

gradually inside with to a high concentration. A measurement with low uncertainty could result in 

a discrepancy of 1 SQ Pu. Also, the large processing volume with multiple cathodes makes the 

measurement more complicated [17]. The dendritic solid deposition also requires new approaches 

for composition assay considering it is impossible to obtain a homogeneous sample as in aqueous 

process with an accountability tank. All these features of pyroprocessing set barriers for the 

application of existing safeguard approaches and require more effective and proper material 

tracking and assay technologies 

 

1.1.1.4  Harsh environment 

 The electrorefining is generally running at the elevated temperature ranging from 450 0C to 550 
0C. The molten salt and metal solutions are highly corrosive [22]. Such an environment will be a 

very challenging for the safeguards equipment and instruments.  

 

1.1.1.5  Little experience 

Not like the aqueous process that has been commercialized for more than a half century. The 

pyroprocessing now is still in earlier design stage and this is no facility beyond the laboratory or 

pilot-scale. The design of such facilities are not well defined yet. Not much experience or literature 

thus has been accumulated to refer to.  
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1.2 Goals/Outcome 

All these features discussed above set barriers for the application of existing safeguards approaches 

to pyroprocessing facility and motivate us to develop more effective and proper material tracking 

and assay technologies. The primary goal of OSU is to develop an integrated model to help 

safeguarding pyroprocessing facility. The premise is apparently to collect all the necessary 

electrochemical and thermodynamic data of nuclear materials in LiCl-KCl molten salt. Two steps 

therefore performed in OSU: fundamental data calculation and model develop. Fundamental data 

of UCl3 in LiCl-KCl molten salt, namely activity coefficient, apparent potential, and diffusion 

coefficient, were calculated by molecular dynamics simulation method up to a high concentration 

of around 3 mol%. Emphasis was placed on their concentration dependence since almost all the 

literature data were obtained in dilute solutions, which may not be applicable to the practical 

facilities with high concentration actinides. Our results indicate that the activity coefficient and 

apparent potential increase with the concentration. The diffusion coefficient keeps nearly constant 

at low concentration but it proceeds to increase followed by a decrease at high concentration even 

though the variation range of diffusivity is small. The phase diagram of LiCl-KCl-PuCl3 was 

assessed by the CALPHAD method. It was found that the apparent potential also increases with 

the concentration. The solubility of PuCl3 in LiCl-KCl was determined to be 41.5 mol% at 773 K.  

Integrating all these fundamental data with electrochemical theory, a kinetic model was developed 

to predict the material transport in the electrorefiner. After being validated by studies in literature, 

cases about electrorefining, actinide drawdown, and rare earth drawdown were run under different 

conditions, such as different electrodes and current patterns. Potential, current, and species 

concentration obtained from the model were used to analyze the material transport properties and 

separation efficiency under different cases. Extensive data was determined to provide the 

signatures of safeguards for the pyroprocessing.  

 

1.3 Literature review 

For the safeguards of the pyroprocessing, the main materials considered are the U and Pu due to 

their properties of being manufactured to be nuclear explosive devices. Therefore, their 

fundamental data in LiCl-KCl molten salt are essential to any model development and to 

understand the design, control, efficiency, and safeguards of the pyroprocessing facilities. Previous 

studies were reviewed and reanalyzed to identify what has been done and what needs to be further 

researched. Additionally, various safeguards methods that have been widely investigated were 

reviewed to understand the state-of-the-art safeguard techniques. These reviews provide the basis 

of the present work about the model development. 
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1.3.1  Thermodynamic properties of UCl3 and PuCl3 

As the major actinides, extensive studies have been carried out to investigate the electrochemical 

behaviors, including the apparent potentials, activity coefficients, and diffusion coefficients of 

UCl3 and PuCl3, in LiCl-KCl eutectic salt with various electrodes, temperatures, and 

concentrations by different electrochemical techniques [23-46].  

 

1.3.1.1 Apparent potential 

As discussed above, the potential is the deciding factor for separating one element from another. 

When the applied potential is more negative than the redox potential of an element, the element 

can be reduced and deposited out. For a reduction reaction shown as 

 nM ne M    Eq. 1.1 

the equilibrium potential can be expressed by the Nernst equation  

 
0 ln( )n

n

MCl

eq MCl

M

aRT
E E

nF a
   Eq. 1.2 

where E0 is the standard potential, R is the universal gas constant, T is the temperature in Kelvin, 

n is the number of electrons involved, F is the Faraday constant, and a is the activity coefficient. 

It can be written as 

 a x  Eq. 1.3 

where x is the mole fraction, and γ is the activity coefficient, which is a measurement of the 

deviation from the ideal solution. For a metal deposition, a is reduced to 1. Generally, the activity 

coefficient of metal chloride is lumped into the standard potential, which gives 

 
ln( )

n

ap

eq MCl

RT
E E x

nF
   Eq. 1.4 

where Eap is called the apparent potential, which can be measured experimentally by cyclic 

voltammetry (CV), chronoamperometry (CA), chronopotentiometry (CP), and electromotive force 

methods (EMF).  

 

Uranium  

Figure 1.3 shows the reported apparent potentials of UCl3 in LiCl-KCl eutectic at different 

temperatures without considering the concentration (All the plots of apparent potential, activity 

coefficient, and diffusion coefficient against temperature do not consider the effect of 

concentration) [23-36]. They are in pretty good agreement with 60 mV and show a linear 

relationship with temperature. The data from Hoover et al. [28] and Ghosh et al. [31] have some 

discrepancy with others, which may be due to the facts that in Hoover et al.’s [28] work, they used 

higher UCl3 concentration from 1 to 10 wt%, and for Ghosh et al. [31], the working electrode they 

used was uranium rod not tungsten or platinum commonly used in other references [23]. 
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Figure 1.3. The apparent potential of UCl3 in LiCl-KCl eutectic at different temperatures 

 

 
Figure 1.4. The apparent potential of UCl3 in LiCl-KCl at 773 K with different concentrations 

 

Figure 1.4 plots the concentration dependence of apparent potentials at 773 K.  For the EMF 

method, the cell potential relative to an Ag/AgCl reference electrode can be expressed as 

-2.65

-2.6

-2.55

-2.5

-2.45

-2.4

600 650 700 750 800 850

E
a

p
(V

 v
s.

 C
l 2

/C
l- )

T(K)

Masset (CP)

Masset (CV)

Masset (Conv.)

Kuznetsov (CV)

Masset (CV,CP)

Shirai (CV)

Roy (EMF)

Hoover (CV, CP)

Sakamura (EMF)

Yoon (CV)

Shirai (CV)

Ghosh (EMF)

Inman (EMF)

Gruen (EMF)

Martinot (EMF)

Inman (EMF)

-2.6

-2.55

-2.5

-2.45

-2.4

0 1 2 3 4 5

E
a

p
(V

 v
s.

 C
l 2

/C
l- )

wt% of UCl3

Masset (CV,CP)

Kuznetsov (CV)

Shirai (CV)

Yoon (CV)

Gruen (EMF)



 
 

18 
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n n n

n

MCl MCl MCl AgCl AgCl

ap

MCl AgCl AgCl

RT RT RT
E E x E x

nF nF F

RT RT
E x E x

nF F

    

   

 Eq. 1.5 

With a given temperature, a series of cell potentials under different concentrations can be 

measured. The apparent potential can be obtained from the slope of the plot .log
nMClE vs x , which 

is the general method used to analyze the measured data in literature. Roy et al. [27] derived the 

standard potential of Ag/AgCl relative to Cl2/Cl- 

 0 1.0910 0.0002924AgClE T    Eq. 1.6 

which is commonly used unless otherwise indicated in the present study. On the other hand, under 

a given concentration, assuming  

 0

nMClE A BT   Eq. 1.7 

and  

 0

AgClE C DT   Eq. 1.8 

Eq. 1.5 could be rewritten as 

 
( ) ( ln ln ln )

n nMCl MCl AgCl

R R R
E A C B D x x T

nF nF F
        Eq. 1.9 

Knowing the values of C and D, for example from Eq. 1.6, A and B can be derived from the 

.E vs T  plot. Then the apparent potential under given concentration could be calculated. The 

method was used to reanalyze the literature data to investigate their concentration dependence. 

The results indicate that the apparent potential has little dependence on the concentration. 

However, due to the sparse amount of data collected and these works had different electrochemical 

methods and conditions applied to obtain this data, the concentration dependence may not be 

revealed comprehensively.     

 

Plutonium 

Figure 1.5 shows the apparent potential of PuCl3 in LiCl-KCl at different temperatures 

[25,26,27,29 ,36,42,43,44]. The data is in accordance with each other being within 60 mV and 

linearly depending on the temperature. Figure 1.6 plots the apparent potentials of PuCl3 in LiCl-

KCl at 773 K with different concentrations. The data reported by Masset et al.  [25] and Sakamura 

et al. [43] are more negative compared to those from Shirai et al. [26,44].  However, due to the 

large discrepancy between them, a convincing conclusion about the effect of concentration cannot 

be provided.  
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Figure 1.5. The apparent potential of PuCl3 in LiCl-KCl eutectic at different temperatures 

 

 
Figure 1.6. The apparent potential of PuCl3 in LiCl-KCl eutectic at 773 K with different 

concentrations 

 

1.3.1.2 Activity coefficient 

The activity coefficient is a measurement of the deviation of a solution to the ideal one. After 
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nF
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RT





 

 

 Eq. 1.10 

The value of the activity strongly relies on the accuracy of the standard potential. For the molten 

salt system, standard potential E0 is generally taken from the supercooled state of the pure chloride 

salt, i.e 

 0
0 scG

E
nF


  Eq. 1.11 

where 0

scG  is the Gibbs energy of formation of the supercooled state. It can be calculated by the 

thermodynamic data [25] 
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l s
T T p pl s
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f T

m

C C
G G C C dT T dT

T

T
H

T


   

 

 
 Eq. 1.12 

where 0

sG  is the standard Gibbs energy of formation in solid state, 
s

pC  and 
l

pC  are the heat 

capacities of solid and liquid states, respectively, at constant pressure. , mf TH  is the enthalpy of 

fusion, and Tm is the melting temperature in Kelvin. 

 

Uranium  

Only a few of the researchers reporting the apparent potential calculated the activity coefficient, 

which is plotted in Figure 1.7 [23,24,25,27,28,36,47]. However, these values show a maximum 

difference up to one order of magnitude. The values from Yoon [47] and Roy et al. [27] are much 

larger than other values. Figure 1.8 shows the concentration dependence of the activity coefficient 

at 773 K but no reliable conclusion can be reached based on the limited data points.  
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Figure 1.7. Activity coefficient of UCl3 in LiCl-KCl eutectic at different temperatures 

 

 
Figure 1.8. Activity coefficient of UCl3 in LiCl-KCl eutectic at 773 K with different 

concentrations 

 

Plutonium 

Figure 1.9 shows the activity coefficients of PuCl3 in LiCl-KCl eutectic at different temperatures 
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supercooled state from two databases, f-MPD [48] and NEA-TDP [49]. The results are marked as 

Serp (CV,CP)_1 and 2, respectively. The first set of data agrees adequately well with values from 
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other references but the second data set is two to three times larger. The Gibbs energy of the 

supercooled state has a significant effect on the activity coefficient values. The data is not sufficient 

to plot against the concentration. 

  

 
Figure 1.9. Activity coefficient of PuCl3 in LiCl-KCl eutectic at different temperatures 

 

1.3.1.3 Diffusion coefficient 

Diffusion coefficients are fundamental data to understand the transport of materials in LiCl-KCl 

electrolyte by Fick’s Law. It is essential to predict the electrorefining performance and efficiency, 

and also necessary for the model development considering that the diffusion coefficients limit the 

maximum current allowed in an electrorefiner [50]. Generally, the diffusion coefficient is 

expressed by the Arrhenius law with the temperature 

 
0 exp( )aE

D D
RT


  Eq. 1.13 

where D0 is a pre-exponential factor, and Ea is the activation energy.  

 

Uranium 

Figure 1.10 plots the diffusion coefficient of UCl3 in LiCl-KCl eutectic at various temperatures 

[23,24,25,28,35,37,38,41,47]. The data basically shows a linear dependence on the temperature 

but wide scatter appears especially at high temperatures. The reported data from Masset et al. 

[23,25] show larger values compared to other sources.  Figure 1.11 shows the concentration 

dependence of the UCl3 diffusion coefficient at 773 K. This data shows good agreement except for 

Hoover’s results [28] from CV method, which gives relatively larger values. The data is widely 

spread but seems to be affected little by the concentration. 
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Figure 1.10. Diffusion coefficient of UCl3 in LiCl-KCl eutectic at different temperatures 

 

 

Figure 1.11. Diffusion coefficient of UCl3 in LiCl-KCl eutectic at 773 K with different 

concentrations 
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1.13 shows the concentration dependence of the diffusion coefficient. Data from Nissen et al. [45] 

and Martinot et al. [46] are in agreement with each other. They show little variation with 

concentration, similarly to the data reported by Shirai et al [44]. However, when these data sets 

are put together, no obvious conclusion can be claimed due to the large fluctuation. 

 

 

Figure 1.12. Diffusion coefficient of PuCl3 in LiCl-KCl eutectic at 773 K with different 

temperatures 

 

 

Figure 1.13. Diffusion coefficient of PuCl3 in LiCl-KCl eutectic at 773 K with different 

concentrations 
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1.3.1.4 Exchange current 

Exchange current is an important measurement of how fast electrons can be transferred in a 

reaction. Its value represents the half reaction current when a reaction reaches equilibrium. For a 

soluble-insoluble transition, exchange current can be expressed by 

 (1 )

0 0

b

Oj nFk C   Eq. 1.14 
where k0 is the rate constant, CO is the concentration of oxidant. α is the electron transfer 

coefficient.  Before building a kinetic model which considers the Faraday process on the electrode, 

the parameter has to be evaluated. By different methods, namely CV, Tafel plot, electrochemical 

impedance spectroscopy (EIS), and linear polarization (LP), the exchange current for the UCl3 in 

LiCl-KCl with various concentrations at different temperatures has been studied [51-54]. Figure 

1.14 plots the exchange currents at different concentrations and temperatures. This figure basically 

shows the exchange current increases with the temperature. Figure 1.15 plots the exchange current 

at different temperatures. It shows a roughly straight line, which indicates a value of zero for α 

according to Eq. 1.14. However, no references found reported this value. There are no 

investigations for the exchange current of Pu.  

 

 
Figure 1.14. Exchange current of UCl3 in LiCl-KCl eutectic at different temperatures 
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Figure 1.15. Exchange current of UCl3 in LiCl-KCl eutectic at different concentrations 
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Consequently, basic parameter studies for UCl3 and PuCl3 in LiCl-KCl eutectic are still merited 

for a widely capable and reliable database, especially at high concentration to investigate their 

concentration dependence, which is one of the goals in this research. 
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Early models based on only the thermodynamic equilibriums between pairs of elements and their 

oxidants existing at the anode-electrolyte and cathode-electrolyte interfaces were proposed by 

Johnson et al. [57] and Ackerman et al. [58,59]. Nawada et al. [60] introduced the method to 

simulate the U and Pu transport in molten salt under 16 conditions, which was enhanced later by 

Ghosh et al. [61] with a more robust code called PRAGAMAN. Main parameters used in these 

models are the Gibbs energy and activity coefficient. Basically, at any stage of the electro-

transport, the material concentrations in each phase can be calculated by yielding them to the 

equilibrium equations. Another bunch of models is the diffusion control models. These models 

assume that all the material diffusing in or out of the electrode react instantly. Kobayashi et al. 

[62] reported the TRAIL model to study the multicomponent transport in molten salt. In their 

model, the Nernst’s diffusion layer was assumed, whose thickness at different interfaces was 

determined by polarization experiments. Zhang [63,64] constructed another model based on the 

diffusion control where the mass transfer coefficient rather than diffusion layer thickness was used 

as one of the important factors. Therefore the flow conditions can be considered in this model by 

relating it with the mass transfer coefficient. One of the important assumptions in these models is 

the reaction equilibrium on the surface so the Nernst equation can be applied at the interface to 

calculate the electrode potential. However, all the models discussed above only considered the 

thermodynamic properties and diffusion at the interface but not the kinetic process on the electrode 

surface. Improved models took into account both the diffusion process in the diffusion layer and 

the electron transfer process on the electrode by applying the Butler-Volmer equation 

[65,66,67,68,69,70]. By considering both the diffusion and electron transfer processes, Hoover et 

al. [65] studied the current and polarization properties of U and Zr under various conditions in 

Mark-IV. They also reported the anode potential and system resistance with the additional element 

of Pu [67]. Bae et al. [71] developed the model of REFIN. The model was not only including the 

diffusion but also the electro-migration. Cumberland [68] developed a comprehensive model of 

ERAD based on previous REFIN code with a serial of improvements, such as anode passivation 

layer. The code was then applied to analyze the cyclic voltammogram, diffusion coefficient, and 

exchange current of UCl3 in LiCl-KCl electrolyte [70]. A similar model was reported by Ghosh et 

al. [70] to investigate the cyclic voltammetry, cathodic, and anodic polarization with inert and 

liquid cadmium yielding different kinds of elements. Generally, steady state was assumed and no 

accumulation process on the electrode-electrolyte surface in these models, which means the current 

due to the Butler-Volmer equation is equal to the current due to diffusion. The electrode potential 

constitutes both the equilibrium potential from the Nernst equation and the overpotential needed 

to overcome the energy barrier. Recently, commercial computational fluid dynamics (CFD) codes 

were applied either individually or with the one-dimensional code as another method to assess the 

pyroprocessing performance [72,73,74,75]. Basically, the system was divided into discrete cells 

and then the finite element method was applied to solve the governing equations in each cell. They 

broke the traditional homogeneous setting in 1-D model and could plot the distributions of the 

diffusion layer, current density, electrode potential, and streamline, in three dimensions. The CFD 
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models have the advantage to take into account the flow conditions but generally are 

computationally expensive or only applicable to a specific design [68].   

 

It can be concluded from the above review that previously, extensive studies have been conducted 

on the electrochemical behaviors of U and Pu in eutectic LiCl-KCl salt. However, almost all of 

them only focused on the dilute solution, where the thermodynamic properties depend little on 

solute’s concentration. But in pyroprocessing, actinide concentrations can be up to 10 wt% thus 

the concentration-dependences of these properties have to be considered and studied for a reliable 

prediction of the separation process and safeguards implementation [76].   

 

In the present work, fundamental data of UCl3, LaCl3, YCl3, ScCl3, and TbCl3 in LiCl-KCl molten 

salt were calculated up to 3 mol% (about 15 wt%) by molecular dynamics (MD) simulation and 

that of PuCl3 were also calculated via phase diagram development in the range of full composition. 

Based on the calculated results, a model integrating all the electrorefining, actinide drawdown, and 

rare earth drawdown processes was developed to predict the partial current of every element, anode 

and cathode potentials, and concentration profile in different batches in pyroprocessing. The 

process signals from the model could be used to monitor the material transport and deposition, 

verify the declared operation of the pyroprocessing facility, and provide insightful information 

about the diversion of special nuclear materials. 

 

 

2  Thermodynamic properties of U, La, Y, Sc, and Tb in LiCl-KCl 

molten salt 

2.1 Activity coefficient 

The thermodynamic properties mainly focus on the activity coefficient and diffusion coefficient. 

The former one affects the redox potential of a reaction by Nernst equation and latter one affects 

the material transport by the Fick’s Law. Thermodynamically, the system of LiCl-KCl-MCl3 

(M=U, La, Y, Sc, Tb) can be treated as a homogeneous binary solution because the composition 

of LiCl-KCl does not change for all the calculations. Therefore, the total Gibbs free energy can be 

expressed by 

 𝐺𝑟𝑒𝑎𝑙 = 𝑛1(𝜇1
0 + 𝑅𝑇𝑙𝑛𝑥1 + 𝑅𝑇𝑙𝑛𝛾1) + 𝑛2(𝜇2

0 + 𝑅𝑇𝑙𝑛𝑥2
+ 𝑅𝑇𝑙𝑛𝛾2) 

Eq. 2.1 

where 𝜇1
0 and 𝜇2

0 are the chemical potentials of the pure component 1 and 2, R is the gas constant, 

T is the temperature in kelvin, 𝑛1 and 𝑛2 are the mole numbers of these two components,   𝑥1 and 

𝑥2 are the mole fractions of component 1 and 2 respectively, 𝛾1 and 𝛾2 are the activity coefficients 

of component 1 and 2 respectively.  

 

For the ideal solution, the activity coefficient is 1, so the total Gibbs free energy is simplified into 
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 𝐺𝑖𝑑𝑒𝑎𝑙 = 𝑛1(𝜇1
0 + 𝑅𝑇𝑙𝑛𝑥1) + 𝑛2(𝜇2

0 + 𝑅𝑇𝑙𝑛𝑥2) Eq. 2.2 

Thus, the excess Gibbs free energy is 

 𝐺𝑒𝑥𝑐𝑒𝑠𝑠 = 𝐺𝑟𝑒𝑎𝑙 − 𝐺𝑖𝑑𝑒𝑎𝑙 = 𝑛1𝑅𝑇𝑙𝑛𝛾1 + 𝑛2𝑅𝑇𝑙𝑛𝛾2 Eq. 2.3 

 With respect to the mole number 𝑛1, the partial derivative should be 

 
𝜕𝐺𝑒𝑥𝑐𝑒𝑠𝑠
𝜕𝑛1

= 𝑅𝑇𝑙𝑛𝛾1 + 𝑛1𝑅𝑇
𝜕𝑙𝑛𝛾1
𝜕𝑛1

+ 𝑛2𝑅𝑇
𝜕𝑙𝑛𝛾2
𝜕𝑛1

 = 𝑅𝑇𝑙𝑛𝛾1 Eq. 2.4 

Hence, the activity coefficient 𝛾1 can be calculated by the excess Gibbs free energy, which can be 

derived by the Gibbs energy of the solution and individual component. To reach the Gibbs energy, 

thermodynamic integration (TI) [77] was applied. It gives the free energy difference between A 

and B as 

 1

0

( ) B AF A B U U d       Eq. 2.5 

where UA and UB are the interatomic potential of system A and B, respectively. The total Gibbs 

energy can thus be calculated by 

 𝐺 = 𝐹 + 𝑝𝑉 Eq. 2.6 

After obtaining the excess Gibbs energy, Margules model [78] is was used to fit the values and 

reach the activity coefficient. The model gives  

 

𝜕𝐺𝑒𝑥𝑐𝑒𝑠𝑠
𝜕𝑛𝑀

= 𝑅𝑇𝑙𝑛𝛾𝑀 

                 = 𝛼2(1 − 𝑥𝑀)
2 + 𝛼3(1 − 𝑥𝑀)

3 + 𝛼4(1 − 𝑥𝑀)
4 +⋯ 

Eq. 2.7 

where αi is coefficient. 

 

After obtaining activity coefficient, the apparent potential can be calculated by 

0 lnap RT
E E

nF
   

Eq. 2.8 

where E0 is the standard potential 

 

2.1.1 Gibbs energy of solution 

For the free energy of solution, the solution was transformed to ideal gas through two steps to get 

a smooth transformation [79]: first, transform the potential of solution to Gauss potential. 

Secondly, transform Gauss potential to the null potential of gas. The transformation paths can be 

expressed by: 

 𝑈1(𝜆1) = (1 − 𝜆1)𝑈𝐺𝑎𝑢𝑠𝑠 + 𝜆1𝑈𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛 Eq. 2.9 

 

 𝑈2(𝜆2) = 𝜆2𝑈𝐺𝑎𝑢𝑠𝑠 Eq. 2.10 

The Gauss potential can be written as: 

 𝑈𝐺𝑎𝑢𝑠𝑠 = 𝛼𝑒
−𝛿𝑟2  Eq. 2.11 
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where 𝛼 and 𝛿 are parameters, the value of 𝛼 and 𝛿 are chosen as 21.453 eV and 0.72 Å 

respectively [80], r is the distance between two particles. When parameter 𝜆2 varies from 0 to 1, 

the null potential of ideal gas will transform to Gauss potential, we can get the free energy 

difference ∆𝐹2. When parameter 𝜆1 varies from 0 to 1, Gauss potential will transform to the 

potential of solution, and then the free energy difference ∆𝐹1 between these two systems can be 

calculated. So the Helmholtz free energy of the system is 

 𝐹 = 𝐹𝑖𝑑 + ∆𝐹1 + ∆𝐹2 Eq. 2.12 

where 𝐹𝑖𝑑 is the Helmholtz free energy of the ideal gas and can be expressed by [81] 

 𝐹𝑖𝑑 =∑𝑘𝐵𝑛𝑖𝑇𝑙𝑛(𝜌𝑖𝜁𝑖
3) − 𝑁𝑘𝐵𝑇

𝑛

𝑖

 Eq. 2.13 

where 𝑘𝐵 is Boltzmann constant, 𝑛𝑖 is the atom number of particle i, 𝜌𝑖 is the number density of 

particle i, 𝑁 is the total number of all particles, T is the temperature of the system in kelvin, 𝜁𝑖 is 

the de Broglie wavelength and can be expressed by 

 𝜁𝑖 =
ℎ

(2𝜋𝑚𝑖𝑘𝐵𝑇)1/2
 Eq. 2.14 

where 𝑚𝑖 is the mass of one particle i, h is the Planck constant and 𝑘𝐵 is Boltzmann constant. 

 

2.1.2 Gibbs energy of Supercooled MCl3 

The Gibbs energy of crystal MCl3 (𝐺𝑐𝑟𝑦𝑠𝑡𝑎𝑙,𝑀𝐶𝑙3) is calculated first and that of supercooled state 

(𝐺𝑠𝑐,𝑀𝐶𝑙3) is derived by considering Gibbs energy of fusion (𝛥𝐺𝑓𝑢𝑠𝑖𝑜𝑛,𝑀𝐶𝑙3), 

 𝐺𝑠𝑐,𝑀𝐶𝑙3 = 𝐺𝑐𝑟𝑦𝑠𝑡𝑎𝑙,𝑀𝐶𝑙3 + 𝛥𝐺𝑓𝑢𝑠𝑖𝑜𝑛,𝑀𝐶𝑙3 Eq. 2.15 

𝛥𝐺𝑓𝑢𝑠𝑖𝑜𝑛,𝑀𝐶𝑙3 could be expressed by 

 Δ𝐺𝑓𝑢𝑠𝑖𝑜𝑛,𝑀𝐶𝑙3 = Δ𝐺𝑠𝑐,𝑀𝐶𝑙3 − Δ𝐺𝑐,𝑀𝐶𝑙3 Eq. 2.16 

To calculate the Helmholtz free energy of MCl3 in solid state, we transform the solid to Einstein 

crystal by non-equilibrium method of adiabatic switching [82]. A spring force was added by 

 𝐹𝑡𝑜𝑡𝑎𝑙 = (1 − 𝜆)𝐹𝑠𝑜𝑙𝑖𝑑 + 𝜆𝐹ℎ𝑎𝑟𝑚 Eq. 2.17 

where 𝐹𝑠𝑜𝑙𝑖𝑑 is the force due to the interatomic potential of solid,  𝐹ℎ𝑎𝑟𝑚 is the force due to spring 

and 𝜆 is the parameter. When 𝜆 varies from 0 to 1, the force will transform from 𝐹ℎ𝑎𝑟𝑚 to 𝐹𝑠𝑜𝑙𝑖𝑑 

and the free energy difference ∆𝐹 can be calculated. The Helmholtz free energy of MCl3 can be 

expressed as 

 𝐹 = 𝐹𝐸𝐶 + ∆𝐹 Eq. 2.18 

where 𝐹𝐸𝐶  is the Helmholtz free energy of Einstein crystal. It can be written as [83] 

 
𝐹𝐸𝐶
𝑁𝑘𝐵𝑇

=
3

2
(1 −

1

𝑁
) ln (

𝛽Λ𝐸𝜁
2

𝜋
) +

1

𝑁
ln (

𝑁𝜁3

𝑉
) −

3

2𝑁
ln (𝑁) Eq. 2.19 

where T is temperature, N is atom number, 𝜁 is de Broglie wavelength, V is volume of the 

system, 𝑘𝐵 is Boltzmann constant, Λ𝐸 is the harmonic spring constant, the value of that is Λ𝐸 =

50 𝑒𝑉/Å2, 𝛽 is expressed by 
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 𝛽 =
1

𝑘𝐵𝑇
 Eq. 2.20 

where 𝑘𝐵 is Boltzmann constant. 

 

2.2 Chemical diffusion coefficient 

The self-diffusion coefficient was calculated first by Einstein method, which relates it to the mean 

squared displacement (MSD) by [84,85] 

 𝐷𝑠 =
1

6
lim
𝑡→∞

𝑑

𝑑𝑡
(𝑀𝑆𝐷) Eq. 2.21 

where 𝐷𝑠 is the self-diffusion coefficient, t is time. MSD is determined by [85] 

 𝑀𝑆𝐷 = 〈(𝑝(𝑡) − 𝑝0)
2〉 =

1

𝑁

1

𝑛𝑡
∑∑(𝑝𝑖

𝑁

𝑖=0

𝑛𝑡

𝑗=0

(𝑡0𝑗 + 𝑡) − 𝑝𝑖(𝑡0𝑗))
2 Eq. 2.22 

where 𝑝(𝑡) is the positon at the time of 𝑡 and 𝑝0 is the initial position, 𝑁 is the atom number, 𝑛𝑡 is 

the time origins number, 𝑡0𝑗 is the initial timestep at time 𝑗. 

 

However, what we usually need is the chemical diffusion coefficient. It is different from but can 

be derived from the self-diffusion coefficient by 

 𝐷𝑐 = 𝐷𝑠(1 +
𝑑𝑙𝑛𝛾

𝑑𝑙𝑛𝑥
)  Eq. 2.23 

where 𝐷𝑐 is the chemical diffusion coefficient. Obviously, self- and chemical diffusion coefficients 

are only equal to each other when γ is not dependent on the concentration, which is approximately 

right for an infinite dilute solution of when molar fraction approaches 1.  

 

2.3 Potential Model 

Tosi-Fumi rigid potential model [86] was used in the simulation which is expressed as below 

 

 𝑈𝑖𝑗 = 𝐴𝑖𝑗 exp (
𝜎𝑖𝑗 − 𝑟𝑖𝑗

𝜌𝑖𝑗
) −

𝐶𝑖𝑗

𝑟𝑖𝑗6
−
𝐷𝑖𝑗

𝑟𝑖𝑗8
+

𝑞𝑖𝑞𝑗

4𝜋𝜀0𝑟𝑖𝑗
 Eq. 2.24 

 

where 𝑟𝑖𝑗 is the distance between the particles i, j. 𝜌𝑖𝑗, 𝐶𝑖𝑗 and 𝐷𝑖𝑗 are the parameters. 
𝑞𝑖𝑞𝑗

4𝜋𝜀0𝑟𝑖𝑗
 is the 

Coulomb potential between the particles i,  j.  All the parameters are given in Table 2.1. 
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Table 2.1. The parameters used in the simulation [87] 

pair A/eV ρ/Å σ/Å C/eV∙Å6 D/eV∙Å8 

Cl- - Cl- 0.174084 0.345863 3.340 132.6892 1245.0685 

Cl- - Li+ 0.172894 0.339212 2.570 1.2477 1.5030 

Cl- - K+ 0.17381 0.34140 3.190 29.9336 45.4741 

Cl- - U3+ 0.705874 0.293983 2.835 58.0403 100.2000 

Cl- - La3+ 0.7755 0.293987 2.842 58.0907 100.393 

Cl- - Y3+ 0.73713 0.293987 2.71 24.80299 75.29499 

Cl- - Sc3+ 0.80056 0.29399 2.555 17.9435 -50.1967 

Cl- - Tb3+ 0.70863 0.29399 2.733 32.2062 -133.8578 

Li+ - Li+ 0.260886 0.337051 1.8 0.0478 0.0167 

Li+ - K+ 0.217637 0.337051 2.42 0.8298 0.5344 

Li+ - U3+ 0.002241 0.176390 2.065 1.1403 0.5511 

Li+ - La3+ 0.002154 0.17639 2.072 1.14126 0.55216 

Li+ - Y3+ 0.00455 0.17639 1.94 0.53777 0.35138 

Li+ - Sc3+ 0.01096 0.17639 1.785 0.3944 -0.2175 

Li+ - Tb3+ 0.00400 0.17639 1.963 0.6752 -0.4016 

K+ - K+ 0.190113 0.339212 3.04 15.1519 14.9465 

K+ - U3+ 6.67E-05 0.176390 2.685 20.7756 15.7982 

K+ - La3+ 6.4E-5 0.17639 2.692 20.7936 15.8287 

K+ - Y3+ 0.000135 0.17639 2.56 9.7694 10.006 

K+ - Sc3+ 0.00033 0.17639 2.405 7.2240 -6.1240 

K+ - Tb3+ 0.00012 0.17639 2.583 12.3627 -11.1939 

U3+ - U3+ 0.000748 0.176390 2.330 28.4769 16.7000 

La3+ - La3+ 6.9E-4 0.17639 2.344 28.50 16.7322 

Y3+ - Y3+ 0.003088 0.17639 2.08 6.292 6.693 

Sc3+ - Sc3+ 0.01790 0.17639 1.770 3.4417 -2.5098 

Tb3+ - Tb3+ 0.00238 0.17639 2.126 10.0801 -8.3661 

 

2.4 Simulation Details 

For the calculation of the Gibbs free energy of molten LiCl-KCl at the temperatures of 723 K and 

773 K, 400 Cl-, 232 Li+ and 168 K+ was performed first. 1-6 MCl3 were then added to the system 

separately to create system with different concentrations. With regard to the calculation of Gibbs 

free energy of eutectic LiCl-KCl and LiCl-KCl-MCl3, initial configurations with the temperatures 

of 773 K, 723 K and pressure of 1 bar were set respectively. The simulations were first equilibrated 

in an NVE ensemble for 10,000 steps, an NVT ensemble for 100,000 steps and then an NPT 

ensemble for 200,000 steps. During the equilibrium process, the temperature was adjusted from 

800 K to 773 K and 723 K respectively for the sake of making simulation results more smooth and 
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correct. Average volume of the system was obtained by averaging the volume dumped by the 

200,000 steps in the NPT ensemble and then used to calculate the free energy in the NVT ensemble 

at the temperatures of 773 K and 723 K respectively. 10-point Gauss-Legendre quadrature was 

chosen as 𝜆 (coupling parameter of potential transformation) in the process of calculating the free 

energy by thermodynamic integration method and 2000,000 steps were set in NVT ensemble for 

every 𝜆. The Gauss potential parameters 𝛼 and 𝛿 used in the simulations were chosen as 21.453 

eV and 0.72 Å separately [88]. The time step of all of all simulations was 1 fs. 

 

To calculate the Gibbs free energy of MCl3 in solid state, 200 MCl3 was created for each system. 

The structures for the elements calculated are listed in Table 2.2 [89]. 

 

Table 2.2. Structure parameters for U, La, Y, Sc, and Tb [89] 

 Lattice constant Angle 

 a/Å b/Å c/Å α β γ 

U 7.428 7.428 4.312 90  ̊ 90  ̊ 120  ̊

La 7.603 7.063 4.375 90  ̊ 90  ̊ 120  ̊

Y 7.066 6.993 6.993 119.853  ̊ 99.765  ̊ 99.765  ̊

Sc 7.453 7.453 7.453 51.648  ̊ 51.648  ̊ 51.648  ̊

Tb 6.531 6.531 11.735 90  ̊ 90  ̊ 90  ̊

 

During the process of system equilibrium, the temperature of 800 K and pressure of 1 bar were set 

as the initial state, then the system ran 10,000 steps in the NVE ensemble, 100,000 steps in the 

NVT ensemble to adjust the temperature from 800 K to 773 K and 723 K respectively and 500,000 

steps in NPT ensemble to obtain the average volume which was used to calculate free energy after 

that. Thermodynamic integration of adiabatic switching [90] are used in the calculation of free 

energy, we ran 50,000 steps to equilibrate the system at 𝜆 = 0 and 100,000 steps to vary 𝜆 from 0 

to 1. 

 

For the calculation of the diffusion coefficient, the trajectory of M3+ at different time was tracked 

and was then used to derive the result of MSD. 1160 Li+, 840 K+ and 2000 Cl- were used in the 

initial configuration and then 10, 15, 20, 25 30, 35, 40, 45, 50, 55 and 60 MCl3 were added to the 

systems respectively to perform the calculations of diffusion coefficients at different 

concentrations. The simulations were initially ran in NVE ensemble for 50,000 steps and then 

500,000 steps in NPT ensemble and 500,000 steps in NVT ensemble eventually. The positions 

were dumped every 1000 steps in NVT ensemble for 200,000 steps totally and the time step was 

1 fs. All the simulation ran in LAMMPS [91,92]. 
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2.5 Results and discussions  

Since at temperatures of 723 K and 773 K and the atmosphere pressure, the physical state of MCl3 

is crystal, we need to transfer the Gibbs free energy of crystal MCl3 to the supercooled MCl3, which 

is usually set to the reference state. It can be derived by   

 𝐺𝑠𝑐,𝑀𝐶𝑙3 = 𝐺𝑐𝑟𝑦𝑠𝑡𝑎𝑙,𝑀𝐶𝑙3 + Δ𝐺𝑓𝑢𝑠𝑖𝑜𝑛,𝑀𝐶𝑙3  Eq. 2.25 

where Gcrystal,M is the Gibbs energy for crystal MCl3, ∆Gfusion,MCl3 is the Gibbs free energy of fusion 

for  MCl3 and it can be expressed by 

 Δ𝐺𝑓𝑢𝑠𝑖𝑜𝑛,𝑅𝐸𝐶𝑙3 = Δ𝐺𝑠𝑐,𝑅𝐸𝐶𝑙3 − Δ𝐺𝑐,𝑅𝐸𝐶𝑙3  Eq. 2.26 

 

where Δ𝐺𝑠𝑐,𝑀𝐶𝑙3 and Δ𝐺𝑐,𝑀𝐶𝑙3 are Gibbs free energy of formation for the supercooled and crystal 

status of species MCl3 respectively.  The Gibbs energy of supercooled and crystal states for these 

elements are shows in Table 2.3. 

 

Table 2.3. Gibbs energy of formation for supercooled and crystal states 

 723 K 773 K 

 Supercooled (kJ/mol) Crystal (kJ/mol) Supercooled (kJ/mol) Crystal (kJ/mol) 

U -688.02 [93] -703.21 [94] -679.44 [93] -692.82 [94] 

La -872.976 [95] -910.7 [96] -854.87 [95] -900.8 [96] 

Y -820.979 [95] -900.0 [95] 810.954 [95] -892.1 [95] 

Sc -729.047 [97] 754.333 [98] -719.802 [97] -743.063 [98] 

Tb -813.517 [99] -817.842 [98] -803.678 [99] -806.165 [98] 

 

2.5.1 Uranium 

Table 2.4 lists Gibbs energy of LiCl-KCl-UCl3 solution. The component of LiCl-KCl-n UCl3 

stands for n UCl3 were added to 116 Li+, 84 K+ and 200 Cl- system.  

 

Table 2.4. Gibbs free energy of LiCl-KCl-UCl3 mixture solution 

T/K Component 𝐹𝑖𝑑 △ 𝐹1 +△ 𝐹2 pV Greal 

723 K LiCl-KCl eutectic -302.14 -1724.35 0.007259 -2026.48 

LiCl-KCl-1 UCl3 -564.56 -2952.83 0.013869 -1758.68 

LiCl-KCl-2 UCl3 -285.72 -1517.87 0.006994 -1803.58 

LiCl-KCl-3 UCl3 -289.06 -1559.10 0.007048 -1848.15 

LiCl-KCl-4 UCl3 -292.37 -1600.48 0.007104 -1892.84 

LiCl-KCl-5 UCl3 -295.59 -1641.78 0.007143 -1937.37 

LiCl-KCl-6 UCl3 -298.91 -1683.02 0.007211 -1981.92 

773 K LiCl-KCl eutectic -609.82 -2936.30 0.014097 -3546.11 

LiCl-KCl-1 UCl3 -308.63 -1509.47 0.007112 -1818.10 



 
 

35 
 

LiCl-KCl-2 UCl3 -312.20 -1550.60 0.007157 -1862.78 

LiCl-KCl-3 UCl3 -315.68 -1591.88 0.007194 -1907.56 

LiCl-KCl-4 UCl3 -319.22 -1632.97 0.007247 -1952.18 

LiCl-KCl-5 UCl3 -322.80 -1674.04 0.007320 -1996.84 

LiCl-KCl-6 UCl3 -326.36 -1715.13 0.007388 -2041.49 

 

The calculated results about crystal UCl3 are shown in Figure 2.1 and Table 2.5. Figure 2.1 shows 

the integrands in the forward direction (UCl3 crystal to Einstein crystal) and backward direction 

(Einstein crystal to UCl3 crystal) at 723 K. No significant difference was found between them so 

their average was used in the calculation. Results from 773 K show the same trend. Based on   Eq. 

2.24 and 2.25, Gibbs energy of supercooled UCl3 (𝜇1
0 in Eq 2.2) can be calculated, which is shown 

in Table 2.5. 

 

 
Figure 2.1. Integrands in forward direction (UCl3 crystal to Einstein crystal) and backward 

direction (Einstein crystal to UCl3 crystal) when calculating the free energy of UCl3 crystal at 

723 K 

 

Table 2.5. The Gibbs free energy of supercooled UCl3 (eV/simulation box) 

 ∆𝐹 𝐹𝐸𝑖𝑛𝑠𝑡𝑒𝑖𝑛 pV 𝐺𝑐𝑟𝑦𝑠𝑡𝑎𝑙  ∆𝐺𝑓𝑢𝑠𝑖𝑜𝑛 𝐺𝑠𝑐 

723 K -8893.21 44.83 0.01348 -8848.37 31.48 -8816.89 

773 K -8854.08 42.58 0.01357 -8811.50 27.76 -8826.34 

 

Based on all of these results, the molar excess Gibbs energy can be assessed by Eq. 2.1 and 2.3. 

The values of molar excess Gibbs energy are shown in Table 2.6. Then the Margules model was 

used to fit the results. Figure 2.2 shows the fitting result of molar excess Gibbs energy. Therefore 
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the activity coefficient at different concentrations can be obtained based on Eq. 2.7 which is shown 

in Figure 2.3.  

 

Table 2.6. The molar excess Gibbs energy of UCl3-LiCl-KCl solution with different concentrations 

of UCl3 at 723 K 

  xUCl3(%) 0 0.4975 0.9901 1.4778 1.9608 2.4390 2.9126 

723 K G̅ex (J/mol) 0 -202.78 -289.40 -447.54 -538.34 -644.93 -760.89 

773 K G̅ex (J/mol) 0 -223.27 -304.82 -467.85 -554.03 -667.69 -780.40 

 

 
Figure 2.2. Molar excess Gibbs energy and fitting results 
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Figure 2.3. Activity coefficient of UCl3 in LiCl-KCl molten salt 

 

Figure 2.3 shows that the activity coefficient result at 723 and 773 K is in the order of 10-3 for 

dilute cases, which is reasonable and consistent with the available experimental data. The 

comparison with literature at low concentration plotted in Figure 2.4 shows good agreement. What 

should most attract our attention is that the result shows the activity coefficient depends strongly 

on the concentration and increases monotonically with mole fraction. The increasing rate is small 

at the low concentration but relatively large at high concentration, which is also consistent with 

the knowledge from literature that the activity coefficient is almost the same at very dilute 

concentration. Figure 2.3 shows that the activity coefficient increases from 6.08×10-3 to 3.62 ×10-

2 and 7.46×10-3 to 4.36 ×10-2 at 723 K and 773 K, respectively, corresponding to the mole fraction 

of UCl3 from around 0.5% to 3.0 %.  
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Figure 2.4. Comparison of activity coefficient of UCl3 in LiCl-KCl molten salt 

 

The comparison also shows that even at the dilute solution, the activity coefficients from 

experiments have some difference with each other. Plausible explanations include different 

electrodes, experimental environments, and techniques used. Based on Eq. 2.8, the apparent 

potential of UCl3 can be calculated, which is plotted and compared with literature in Figure 2.5.  

Apparent potentials in literature mainly follow three patterns, which are drawn out on the figure. 

Present results agree very well with the first pattern. Also, Figure 2.4 and Figure 2.5 indicate that 

the activity coefficient is very sensitive to the apparent standard potential. A small difference of 

potential can lead to significant difference in activity coefficient. Most of the apparent potentials 

in Figure 2.5 range from -2.6 to -2.4 V, and it can be concluded from Eq. 2.8 that 1% difference 

of apparent potential (or Gibbs energy in our calculation) will result in an increasing factor of 

around e to the activity coefficient because the values of RT/3F at 723 and 773 K are around 0.021 

V. Also, Gibbs energy at supercooled state is another sensitive parameter, which can be observed 

from the review part in Chapter 1.  
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Figure 2.5. Comparison of apparent of UCl3 in LiCl-KCl molten salt 

 

Eq. 2.21 and 2.22 show that when the simulation time is long enough, the self-diffusivity can be 

obtained by the slope of MSD vs. t plot. Figure 2.6 shows an example of the fitting.  

 

 
Figure 2.6. MSD vs. t for 5.82 wt% UCl3 in LiCl-KCl molten salt 

 

-2.65

-2.6

-2.55

-2.5

-2.45

-2.4

550 650 750 850

E
a

p
(V

 v
s.

 C
l 2

/C
l- )

T(K)

Masset (CP)

Masset (CV)

Masset (Conv.)

Kuznetsov (CV)

Masset (CV,CP)

Shirai (CV)

Roy (EMF)

Hoover (CV, CP)

Sakamura (EMF)

Yoon (CV)

Shirai (CV)

Ghosh (EMF)

Inman (EMF)

Gruen (EMF)

Martinot (EMF)

Inman (EMF)

Present calculation

y = 2.3641E-04x + 1.0549

R² =0.9979

0

5

10

15

20

25

30

0.E+00 2.E+04 4.E+04 6.E+04 8.E+04 1.E+05 1.E+05

M
S

D
 (

Å
)

Time (fs)

Simulated MSD



 
 

40 
 

 Since the MSD was fitted into a linear equation with time, such as  

 𝑀𝑆𝐷(𝑡) = 𝐴 + 𝐵𝑡 Eq. 2.27 

where A and B are constant and diffusion coefficient can be derived from B according to Eq. 2.21. 

The uncertainty of B was calculated through the method described by Talor [100], which gives 

one sigma error as 

 

𝜎𝐵 = 𝜎𝑀𝑆𝐷√
𝑁

∆
 Eq. 2.28 

 

𝜎𝑀𝑆𝐷 = √
1

𝑁 − 2
∑(𝑀𝑆𝐷𝑖 − 𝐴 − 𝐵𝑡𝑖)

𝑁

𝑖=1

 Eq. 2.29 

where N is the number of data points, and  

 

∆= 𝑁∑𝑡𝑖
2 − (∑𝑡𝑖

𝑁

𝑖=1

)2
𝑁

𝑖=1

 Eq. 2.30 

Figure 2.7 shows the self-diffusion coefficient of U3+ in LiCl-KCl molten salt at different 

temperatures and concentrations. It indicates that the self-diffusion coefficient of U3+ is a function 

of both temperature and concentration. It increases with temperature but decreases with 

concentration.  

 

From the kinetic theory of Einstein relation [101], the self-diffusion coefficient can be expressed 

by  

 
𝐷 =

𝑘𝐵𝑇

6𝜋𝜂𝑠𝑟𝑎
 Eq. 2.31 

where kB is the Boltzmann’s constant, ηs is the dynamic viscosity of the solution, and ra is the 

radius of the spherical particle. Eq. 2.31 explicitly shows that the diffusion coefficient is related to 

the temperature, and it may increase with the temperature since generally viscosity becomes 

smaller when increasing the temperature [102]. However, the concentration dependence is still 

implicit.  

 

Kim et al [103] studied the viscosity of LiCl-KCl molten salts with actinides and lanthanides 

dissolved at 773 K by the object falling down method. The experiments were carried out with a 

maximum concentration of 9 wt% UCl3 and they reported an increased viscosity in the 

concentration range. With this result in mind, the self-diffusion coefficient D in Eq. 2.31 is 

expected to decrease with higher viscosity, which means higher concentration. It supports the 

present simulation results of self-diffusivity at least qualitatively. 
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Figure 2.7. Self-diffusion coefficient of U3+ in LiCl-KCl  

 

Recalling the Eq. 2.23, chemical diffusion coefficient could be related with self-diffusion 

coefficient by  

 
𝐷𝑐 = 𝐷𝑠(1 +

𝑑𝑙𝑛𝛾𝑖
𝑑𝑙𝑛𝑥𝑖

) Eq. 2.32 

Due to the relationship of  

 𝑑𝑙𝑛𝛾

𝑑𝑙𝑛𝑥
= 𝑥

𝑑𝑙𝑛𝛾

𝑑𝑥
=
𝑥

𝛾

𝑑𝛾

𝑑𝑥
 Eq. 2.33 

(1 +
𝑑𝑙𝑛𝛾

𝑑𝑙𝑛𝑥
) can be calculated through the fitting curves. Table 2.7 shows the values of (1 +

𝑑𝑙𝑛𝛾

𝑑𝑙𝑛𝑥
) 

at the simulated concentrations, based on which, the chemical diffusion coefficient in Eq. 2.32 can 

be derived. Figure 2.8 shows the results of the chemical diffusion coefficient at different 

temperatures and concentrations. The result indicates that the chemical diffusion coefficient is 

larger with higher temperature. Most importantly, it shows that the chemical diffusivity varies little 

initially but then increases followed by a decrease with the concentration. The variation range is 

about 2.5×106 cm2/s. Figure 2.9 shows the comparison of the chemical diffusion with literature 

under different concentrations at 773 K. Literature data with concentration dependence at 723 K 

are not enough to compare. Except the data from Hoover by CV method and from Masset, which 

give larger values compared to all other data, the calculation results agree well with literature. 

Since the variation of diffusion coefficient is not so dramatic, the average values at 723 K and 773 

K are taken to compare with the literature data, which is shown in Figure 2.10. Our results show 

good agreement with other data reported.  
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Table 2.7. The values of [1+d(lnγ)/d(lnx)] at simulated concentrations 

wt% 2.019 3.958 5.822 7.615 9.341 11.003 12.606 14.152 15.645 

723 K 1.2162 1.4201 1.6121 1.7927 1.9626 2.1220 2.2715 2.4115 2.5445 

773 K 1.2141 1.4158 1.6058 1.7844 1.9523 2.1099 2.2575 2.3958 2.5250 

 

 

 
Figure 2.8. Chemical diffusion coefficient of U3+ in LiCl-KCl 

 

 
Figure 2.9. Comparison of chemical diffusion coefficient of U3+ in LiCl-KCl at 773 K 
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Figure 2.10. Comparison of chemical diffusion coefficient of U3+ in LiCl-KCl  

 

2.5.2 Lanthanum 

All the results of other elements were analyzed in the similar manner as used for U. The total Gibbs 

energy for the real solution was obtained and shown in Table 2.8. 

 

Table 2.8. Gibbs free energy of LiCl-KCl-LaCl3 mixture solution 

Temperature Component 𝐹𝑖𝑑/𝑒𝑉 △ 𝐹1 +△ 𝐹2/𝑒𝑉 𝑝𝑉/𝑒𝑉 𝐺𝑟𝑒𝑎𝑙/𝑒𝑉 

723 K LiCl-KCl-1 LaCl3 -285.6506 -1517.2685 0.006988 -1802.9122 

LiCl-KCl-2 LaCl3 -289.0637 -1557.8999 0.007077 -1846.9565 

LiCl-KCl-3 LaCl3 -292.2118 -1598.6129 0.007102 -1890.8176 

LiCl-KCl-4 LaCl3 -295.5323 -1639.3944 0.007181 -1934.9195 

LiCl-KCl-5 LaCl3 -298.7167 -1679.9198 0.007227 -1978.6293 

LiCl-KCl-6 LaCl3 -301.9275 -1720.7554 0.007284 -2022.6756 

eutectic LiCl-KCl -564.5582 -2952.8256 0.013869 -3517.3698 

773 K LiCl-KCl-1 LaCl3 -308.6356 -1508.8986 0.007127 -1817.5271 

LiCl-KCl-2 LaCl3 -311.9753 -1549.4389 0.007128 -1861.4071 

LiCl-KCl-3 LaCl3 -315.6351 -1589.9931 0.007223 -1905.6210 

LiCl-KCl-4 LaCl3 -319.2328 -1630.4524 0.007308 -1949.6779 

LiCl-KCl-5 LaCl3 -322.5984 -1671.0772 0.007336 -1993.6683 

LiCl-KCl-6 LaCl3 -326.0548 -1711.6356 0.007391 -2037.6830 

eutectic LiCl-KCl -609.8188 -2936.3508 0.014097 -3546.1555 
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In Table 2.8, 𝑝 and 𝑉 are the pressure and volume of the system, 𝐹𝑖𝑑 is the Helmholtz free energy 

of the ideal gas, ∆𝐹1 is the free energy difference between Gauss potential fluid and our interesting 

solution, ∆𝐹2 is the free energy difference between ideal gas and Gauss potential fluid. The Gibbs 

free energy of LaCl3 is shown in Table 2.9. 

 

Table 2.9. Gibbs free energy of supercooled LaCl3 at the temperatures of 723 K and 773 K 

T/K 𝐹𝐸𝐶/ 𝑒𝑉 ∆𝐹/ 𝑒𝑉 𝑝𝑉/𝑒𝑉 Δ𝐺𝑓𝑢𝑠𝑖𝑜𝑛,LaCl3/ 𝑒𝑉 𝐺𝑠𝑐,LaCl3/ 𝑒𝑉 

723  54.9053 -8827.6590 0.012654 78.1963 -8694.5447 

773  48.0250 -8838.2269 0.012684 95.2062 -8694.9831 

 

In Table 2.9,  𝐹𝐸𝐶  is Helmholtz free energy of Einstein crystal and ∆𝐹 is the free energy difference 

between the Einstein crystal where the center of mass is fixed and the solid of interest. The results 

of 𝐺𝑟𝑒𝑎𝑙 for eutectic LiCl-KCl and 𝐺𝑠𝑐,LaCl3in Table 2.8 and Table 2.9 respectively are the values 

of 𝑛2𝜇2
0 and 𝑛1𝜇1

0 in the Eq. 2.2, so the Gibbs free energy of ideal solution can be obtained. The 

total Gibbs free energy for the ideal solution and the excess Gibbs free energy of the system of 

LiCl-KCl-n LaCl3 are presented in Table 2.10. 

 

Table 2.10. The results of total Gibbs free energy of ideal solution, excess Gibbs free energy, mole 

fraction and molar excess Gibbs free energy of LiCl-KCl-LaCl3 mixture 

T/K Component Greal (eV) Gideal (eV) Gexcess (eV) xLa (%) Ḡexcess (J/mol) 

723 K LiCl-KCl-1 LaCl3 -1802.9122 -1802.5502 -0.362 0.4975 -173.7502 

LiCl-KCl-2 LaCl3 -1846.9565 -1846.3294 -0.627 0.9901 -299.5318 

LiCl-KCl-3 LaCl3 -1890.8176 -1890.0764 -0.741 1.4778 -352.3142 

LiCl-KCl-4 LaCl3 -1934.9195 -1933.8024 -1.117 1.9608 -528.3349 

LiCl-KCl-5 LaCl3 -1978.6293 -1977.5131 -1.116 2.4390 -525.3829 

LiCl-KCl-6 LaCl3 -2022.6756 -2021.2115 -1.464 2.9126 -685.7685 

773 K LiCl-KCl-1 LaCl3 -1817.5271 -1816.9724 -0.555 0.4975 -266.2688 

LiCl-KCl-2 LaCl3 -1861.4071 -1860.7750 -0.632 0.9901 -301.9138 

LiCl-KCl-3 LaCl3 -1905.6210 -1904.5431 -1.078 1.4778 -512.3313 

LiCl-KCl-4 LaCl3 -1949.6779 -1948.2889 -1.389 1.9608 -656.9860 

LiCl-KCl-5 LaCl3 -1993.6683 -1992.0181 -1.650 2.4390 -776.6617 

LiCl-KCl-6 LaCl3 -2037.6830 -2035.7343 -1.949 2.9126 -912.7331 

  

In Table 2.10, 𝑥𝐿𝑎 is the mole fraction of LaCl3 in the solution and 𝐺̅𝑒𝑥𝑐𝑒𝑠𝑠 is the molar excess 

Gibbs free energy. Then the data of mole fraction 𝑥𝐿𝑎 and molar excess Gibbs free energy 𝐺̅𝑒𝑥𝑐𝑒𝑠𝑠  

were used to fit a curve by the Margules model [104]. Since the value of 𝐺̅𝑒𝑥𝑐𝑒𝑠𝑠 is 0 when 𝑥𝐿𝑎 =

0, so this data point was also used to fit the curve to make the result be more accurate, the fitting 

result is shown in Figure 2.11. And the activity coefficient can be calculated by Eq.2.2. 
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Figure 2.11.  The fitting curve of molar excess Gibbs free energy to mole fraction of LaCl3 in the 

solution 

 

 
Figure 2.12. Activity coefficient of LaCl3 in eutectic molten salt at the temperatures of 723 K and 

773 K 

 

Just as Figure 2.12 shows, the activity coefficient of La3+ increases with the mole fraction of La in 

the eutectic molten salt. Moreover, the values of activity coefficient at the temperature of 723 K 

are larger than that at the temperature of 773 K, it agrees with trend in literature at the temperature 

range of 650-870 K [105]. The results we calculated were close to other literature values, and the 

comparison with other measurement data are shown in Table 2.11. 



 
 

46 
 

 

Table 2.11. Comparison between calculated activity coefficient of LaCl3 and literature values 

Temperature Mole fraction Calculated activity coefficienta Literature value 

723 K Dilution 8.4×10-3 ~ 13.4×10-3 

 

5.4×10-3 [95] 

Dilution 4.7×10-3 [106] 

Dilution 3.0×10-3 [105] 

Dilution 1.4×10-3 [107] 

6.4×10-3 14.1×10-3 4.7×10-3 [108] 

773 K 2.27×10-3 5.5×10-3 1.05×10-3 [109] 

Dilution 5.0×10-3 ~ 6.4×10-3 1.04×10-3 [105] 
a: the calculated results corresponding to the mole fraction of 0-0.0058. 

 

Once the activity coefficients have been obtained, apparent standard potential can be calculated by 

Eq. 2.8. Figure 2.13 presents the calculated results of apparent standard potential at the 

temperatures of 723 K and 773 K. 

 

 
Figure 2.13. Apparent standard potential of LaCl3 at the temperatures of 723 K and 773 K 

 

It can be seen from Figure 2.13 that the apparent standard potential of LaCl3 increases with mole 

fraction of LaCl3 in eutectic molten salt and apparent standard potential at the temperature 773 K 

is a little larger than that at the temperature of 723 K. The comparison in Table 2.12 indicates that 

our calculated results agree well with other literature values.  

 

Table 2.12. Comparison between the calculated apparent standard potential of LaCl3 and literature 

values   

Temperature Mole fraction Calculated results (V)b Literature value (V) 

723 K Dilution -3.1151 ~ -3.1055 -3.136 [105] 
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Dilution -3.1151 ~ -3.1055 -3.124 [95] 

0.0078 -3.1022 -3.208 [110] 

0.004663 -3.1072 -3.267 [111] 

0.00917 -3.1000 -3.143 [112] 

773 K 0.004663 -3.0666 -3.216 [111] 

Dilution -3.0708 ~ -3.0656 -3.106 [105] 
 b: the calculated results corresponding to the mole fraction of 0-0.0058. 

 

The self-diffusion coefficients and chemical diffusion coefficients at the temperatures of 723 K 

and 773 K with different mole fractions were also calculated in the present study. It can be seen 

that there is no big change in self-diffusion coefficient when the mole fraction of LaCl3 increases 

up to 3 at%. It also should be noticed that the chemical diffusion coefficients slightly depend on 

the mole fractions and it seems like that with the increase of mole fraction of LaCl3, chemical 

diffusion coefficients of LaCl3 increase initially and then decrease slightly, however, the 

dependence is not significant. Moreover, our calculated results show that the chemical diffusion 

coefficients and self-diffusion coefficients of LaCl3 at 773 K are larger than that at the temperature 

of 723 K. The comparison between calculated chemical diffusion coefficients and literature values 

which can be seen in Table 2.13 indicates our calculated results agree well with previous studies. 

 

 
Figure 2.14. Self-diffusion coefficient and chemical diffusion coefficient of LaCl3 at the 

temperatures of 723 K and 773 K 
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Table 2.13. Comparison between the calculated chemical diffusion coefficient of LaCl3 and 

literature values 

Temperature The range of Dc (cm2/s)c Literature value (cm2/s) 

723 K 5.0196×10-6 ~ 9.8964×10-6 11.5±1.2×10-6 [113] 

14.7×10-6 [110] 

10.0×10-6 [111] 

773 K 6.5992×10-6 ~11.003×10-6 21±5×10-6 [114] 

8±1×10-6 [115] 

20×10-6 [111] 
c: the range of  Dc corresponding to the mole fraction of 0.004975-0.029126. 

 

 

2.5.3 Yttrium 

The total Gibbs free energy of the real solution is given in Table 2.14 

 

Table 2.14. Gibbs free energy of LiCl-KCl-YCl3 mixture solution 

Temperature Component 𝐹𝑖𝑑/𝑒𝑉 △ 𝐹1 +△ 𝐹2/𝑒𝑉 𝑝𝑉/𝑒𝑉 𝐺𝑟𝑒𝑎𝑙/𝑒𝑉 

723 K LiCl-KCl-1 YCl3 -285.6113 -1519.1563 0.006988 -1804.7606 

LiCl-KCl-2 YCl3 -288.8686 -1561.9186 0.007046 -1850.7802 

LiCl-KCl-3 YCl3 -292.1125 -1604.4875 0.007110 -1896.5929 

LiCl-KCl-4 YCl3 -295.2237 -1647.1504 0.007142 -1942.3670 

LiCl-KCl-5 YCl3 -298.4027 -1689.7464 0.007198 -1988.1419 

LiCl-KCl-6 YCl3 -301.5699 -1732.4175 0.007254 -2033.9801 

eutectic LiCl-KCl -564.5582 -2952.8256 0.013869 -3517.3698 

773 K LiCl-KCl-1 YCl3 -308.5892 -1510.7829 0.007127 -1819.3650 

LiCl-KCl-2 YCl3 -311.9542 -1553.3466 0.007146 -1865.2936 

LiCl-KCl-3 YCl3 -315.3769 -1595.9625 0.007190 -1911.3322 

LiCl-KCl-4 YCl3 -319.0461 -1638.1462 0.007305 -1957.1849 

LiCl-KCl-5 YCl3 -322.2890 -1680.9293 0.007313 -2003.2109 

LiCl-KCl-6 YCl3 -325.5906 -1723.4216 0.007340 -2049.0048 

eutectic LiCl-KCl -609.8188 -2936.3508 0.014097 -3546.1555 

 

What Table 2.15 shows is the calculated Gibbs free energy of supercooled YCl3. 

 

Table 2.15. Gibbs free energy of supercooled YCl3 at the temperatures of 723 K and 773 K  

Temperature 𝐹𝐸𝐶/ 𝑒𝑉 ∆𝐹/ 𝑒𝑉 𝑝𝑉/𝑒𝑉 Δ𝐺𝑓𝑢𝑠𝑖𝑜𝑛,YCl3/ 𝑒𝑉 𝐺𝑠𝑐,YCl3/ 𝑒𝑉 

723 K 63.2156 -9187.1730 0.016093 163.7990 -8960.1424 

773 K 56.9100 -9204.8284 0.016128 168.2048 -8979.6974 
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Then the Gibbs free energy of ideal solution was obtained using the same method, total Gibbs free 

energy of the ideal solution and the excess Gibbs free energy of the systems LiCl-KCl-n YCl3 are 

shown in Table 2.16 

 

 

Table 2.16. The results of total Gibbs free energy of ideal solution, excess Gibbs free energy, 

mole fraction and molar excess Gibbs free energy of LiCl-KCl-YCl3 mixture 

Temperature Component 𝐺𝑟𝑒𝑎𝑙/𝑒𝑉 𝐺𝑖𝑑𝑒𝑎𝑙/𝑒𝑉 𝐺𝑒𝑥𝑐𝑒𝑠𝑠
/𝑒𝑉 

𝑥𝑌(%) 𝐺̅𝑒𝑥𝑐𝑒𝑠𝑠( 𝐽
/𝑚𝑜𝑙 ) 

723 K LiCl-KCl-1 YCl3 -1804.7606 -1803.8782 -0.882 0.4975 -423.5670 

LiCl-KCl-2 YCl3 -1850.7802 -1848.9854 -1.795 0.9901 -857.2989 

LiCl-KCl-3 YCl3 -1896.5929 -1894.0603 -2.533 1.4778 -1203.7118 

LiCl-KCl-4 YCl3 -1942.3670 -1939.1144 -3.253 1.9608 -1538.4003 

LiCl-KCl-5 YCl3 -1988.1419 -1984.1530 -3.989 2.4390 -1877.4345 

LiCl-KCl-6 YCl3 -2033.9801 -2029.1794 -4.801 2.9126 -2248.5198 

773 K LiCl-KCl-1 YCl3 -1819.3650 -1818.3960 -0.969 0.4975 -465.1852 

LiCl-KCl-2 YCl3 -1865.2936 -1863.6221 -1.672 0.9901 -798.3973 

LiCl-KCl-3 YCl3 -1911.3322 -1908.8138 -2.518 1.4778 -1196.9790 

LiCl-KCl-4 YCl3 -1957.1849 -1953.9831 -3.202 1.9608 -1514.3400 

LiCl-KCl-5 YCl3 -2003.2109 -1999.1360 -4.075 2.4390 -1917.9170 

LiCl-KCl-6 YCl3 -2049.0048 -2044.2758 -4.729 2.9126 -2214.9702 

 

The data of mole fraction and molar excess Gibbs free energy were used to fit a curve which can 

be seen in Figure 2.15 and the activity coefficients were also calculated by Eq. 2.7. The plot of 

activity coefficients with mole fractions is shown in Figure 2.16. 

 

 
Figure 2.15. The fitting curve of molar excess Gibbs free energy to mole fraction of YCl3 in the 

solution 
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Figure 2.16. Activity coefficient of YCl3 in eutectic molten salt at the temperatures of 723 K and 

773 K 

 

It can be seen from Figure 2.16, the activity coefficient of Y3+ increases with mole fraction at the 

temperatures of 723 K and 773 K. However, different from LaCl3, the value of activity coefficient 

at 773 K is larger when compared with that at the temperature of 723 K. The comparison in Table 

2.17 indicates our calculated results agree well with other literature values. 

 

 

Table 2.17. Comparison between calculated activity coefficient of YCl3 and literature values 

Temperature Mole fraction Calculated activity coefficientd Literature value 

723 K Dilution 0.60348×10-6 ~ 1.4390×10-6 2.34×10-6 [105] 

Dilution 2.40×10-6 [116] 

Dilution 2.06×10-6 [95] 

773 K Dilution 2.3760×10-6 ~ 4.3749×10-6 5.36×10-6 [105] 
d: the calculated results corresponding to the mole fraction of 0-0.00729. 
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Figure 2.17. Apparent standard potential of YCl3 at the temperatures of 723 K and 773 K 

 

Figure 2.17 shows the relationships between apparent standard potential and YCl3 mole fraction, 

it can be seen that apparent standard potential increases with mole fraction. Moreover, apparent 

standard potential at 773 K is larger than that at the temperature of 723 K.  

 

Table 2.18 shows the comparisons between the calculated apparent standard potential and 

literature values and it can be seen our calculated result is quite reasonable. 

 

Table 2.18. Comparison between the calculated apparent standard potential of YCl3 and literature 

values 

Temperature Mole fraction Calculated results (V)e Literature value (V) 

723 K Dilution -3.1337 ~ -3.1156 -3.106 [105] 

Dilution -3.108 [95] 

0.00121 -3.1306 -3.126 [112] 

773 K Dilution -3.0892 ~ -3.0756 -3.071 [105] 
e: the calculated results corresponding to the mole fraction of 0-0.00729. 

 

Just as what Figure 2.18 shows, self-diffusion coefficients and chemical diffusion coefficients 

were also calculated with different mole fractions of YCl3 at the temperatures of 723 K and 773 

K. It can be seen that the self-diffusion coefficients of YCl3 in molten salt are almost stable 

although there are some variations with the increase of mole fraction. The overall variation trends 

in chemical diffusion coefficients of YCl3 at the temperatures of 723 K and 773 K are similar. 

They increase firstly and then decrease. Overall, the chemical diffusion coefficients of 773 K are 

larger than that at 723 K even though there are some exceptions at low mole fractions. The 

comparison in Table 2.19 shows our calculated chemical diffusion coefficients agree well with 

other literature values. 
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Figure 2.18. Self-diffusion coefficient and chemical diffusion coefficient of YCl3 at the 

temperatures of 723 K and 773 K 

 

 

Table 2.19. Comparison between calculated chemical diffusion coefficient of YCl3 and literature 

values 

Temperature The range of Dc (cm2/s)f Literature value (cm2/s) 

723 K 9.2291×10-6 ~ 14.724×10-6 9.14×10-6 [117] 

10±1×10-6 [113] 

773 K 8.3872×10-6 ~17.546×10-6 12.9×10-6 [117] 
f: the range of  Dc corresponding to the mole fraction of 0.004975-0.029126. 

 

2.5.4 Scandium 

The Gibbs free energy of the mixture solution is shown in Table 2.20 

 

Table 2.20. Gibbs free energy of LiCl-KCl-ScCl3 mixture solution 

Temperature Component 𝐹𝑖𝑑/𝑒𝑉 △ 𝐹1 +△ 𝐹2/𝑒𝑉 𝑝𝑉/𝑒𝑉 𝐺𝑟𝑒𝑎𝑙/𝑒𝑉 

723 K LiCl-KCl-1 ScCl3 -285.5381 -1521.5209 0.006986 -1807.0520 

LiCl-KCl-2 ScCl3 -288.7547 -1566.4110 0.007050 -1855.1587 

LiCl-KCl-3 ScCl3 -292.1160 -1611.0155 0.007164 -1903.1243 

LiCl-KCl-4 ScCl3 -295.1832 -1656.0711 0.007202 -1951.2471 

LiCl-KCl-5 ScCl3 -298.3365 -1700.9042 0.007268 -1999.2335 

LiCl-KCl-6 ScCl3 -301.3889 -1745.9329 0.007309 -2047.3144 

eutectic LiCl-KCl -564.5582 -2952.8256 0.013869 -3517.3698 
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773 K LiCl-KCl-1 ScCl3 -308.4145 -1513.1390 0.007098 -1821.5464 

LiCl-KCl-2 ScCl3 -311.8827 -1557.9425 0.007163 -1869.8180 

LiCl-KCl-3 ScCl3 -315.4096 -1602.5921 0.007253 -1917.9945 

LiCl-KCl-4 ScCl3 -318.6696 -1647.4304 0.007278 -1966.0927 

LiCl-KCl-5 ScCl3 -322.2160 -1692.1366 0.007383 -2014.3452 

LiCl-KCl-6 ScCl3 -325.6246 -1736.6496 0.007456 -2062.2667 

eutectic LiCl-KCl -609.8188 -2936.3508 0.014097 -3546.1555 

 

Table 2.21 shows the calculated Gibbs free energy of supercooled ScCl3. 

 

Table 2.21. Gibbs free energy of supercooled ScCl3 at the temperature of 723 K and 773 K 

Temperature 𝐹𝐸𝐶/ 𝑒𝑉 ∆𝐹/ 𝑒𝑉 𝑝𝑉/𝑒𝑉 Δ𝐺𝑓𝑢𝑠𝑖𝑜𝑛,ScCl3/ 𝑒𝑉 𝐺𝑠𝑐,ScCl3/ 𝑒𝑉 

723 K 75.9861 -9485.2289 0.013147 52.4143 -9356.8154 

773 K 70.5564 -9496.3083 0.013913 48.2160 -9377.5220 

 

The Gibbs free energy of ideal solution and excess Gibbs free energy of the systems of LiCl-KCl-

n ScCl3 are presented in Table 2.22. 

 

 

Table 2.22. The results of total Gibbs free energy of ideal solution, excess Gibbs free energy, mole 

fraction and molar excess Gibbs free energy of LiCl-KCl-ScCl3 mixture 

Temperature Component 𝐺𝑟𝑒𝑎𝑙/𝑒𝑉 𝐺𝑖𝑑𝑒𝑎𝑙/𝑒𝑉 𝐺𝑒𝑥𝑐𝑒𝑠𝑠
/𝑒𝑉 

𝑥𝐿𝑎(%) 𝐺̅𝑒𝑥𝑐𝑒𝑠𝑠( 𝐽
/𝑚𝑜𝑙 ) 

723 K LiCl-KCl-1 ScCl3 -1807.0520 -1805.8616 -1.190 0.4975 -571.4470 

LiCl-KCl-2 ScCl3 -1855.1587 -1852.9521 -2.207 0.9901 -1053.9455 

LiCl-KCl-3 ScCl3 -1903.1243 -1900.0104 -3.114 1.4778 -1480.0146 

LiCl-KCl-4 ScCl3 -1951.2471 -1947.0478 -4.199 1.9608 -1986.1124 

LiCl-KCl-5 ScCl3 -1999.2335 -1994.0698 -5.164 2.4390 -2430.3130 

LiCl-KCl-6 ScCl3 -2047.3144 -2041.0796 -6.235 2.9126 -2920.2349 

773 K LiCl-KCl-1 ScCl3 -1821.5464 -1820.3851 -1.161 0.4975 -557.4775 

LiCl-KCl-2 ScCl3 -1869.8180 -1867.6004 -2.218 0.9901 -1059.2512 

LiCl-KCl-3 ScCl3 -1917.9945 -1914.7812 -3.213 1.4778 -1527.2678 

LiCl-KCl-4 ScCl3 -1966.0927 -1961.9396 -4.153 1.9608 -1964.2790 

LiCl-KCl-5 ScCl3 -2014.3452 -2009.0816 -5.264 2.4390 -2477.3489 

LiCl-KCl-6 ScCl3 -2062.2667 -2056.2105 -6.056 2.9126 -2836.5963 

 

The curve fitted by these data of mole fraction of ScCl3 and molar excess Gibbs free energy is 

shown in Figure 2.19 and it can be seen the fitting result is quite good. 
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Figure 2.19. The fitting curve of molar excess Gibbs free energy to mole fraction of ScCl3 in the 

solution 

 

 
Figure 2.20. Activity coefficient of ScCl3 in eutectic molten salt at the temperatures of 723 K and 

773 K 

 

Figure 2.20 shows the relationship between activity coefficient and ScCl3 mole fraction and it can 

be seen that activity coefficient increases the mole fraction in eutectic molten salt. Besides, the 

activity coefficient of ScCl3 at 773 K is larger than that at 723 K and this difference gap becomes 

lager with mole fraction. Table 2.23 shows our calculated activity coefficient agrees well when 

comparing with other literature values. 
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Table 2.23. Comparison between the calculated activity coefficient of ScCl3 and literature values 

Temperature Mole fraction Calculated activity coefficient Literature value 

723 K 4.259×10-3 0.4805×10-7 1.000×10-7 [97] 

773 K 4.259×10-3 0.6865×10-7 3.981×10-7 [97] 

 

 
Figure 2.21. Apparent standard potential of ScCl3 at the temperatures of 723 K and 773 K 

 

Figure 2.21 presents that apparent standard potential of ScCl3 increases with the mole fraction and 

the apparent standard potential at the temperature of 773 K is larger than that at the temperature of 

723 K. Table 2.24 shows that our calculated results are quite reasonable when comparing with 

other literature values. 

 

Table 2.24. Comparison between the calculated apparent standard potential of ScCl3 and literature 

values 

Temperature Mole fraction Calculated results (V) Literature value (V) 

723 K 4.259×10-3 -2.869 -2.852±0.009 [97] 

773 K 4.259×10-3 -2.853 -2.816±0.012 [97] 

 

The calculated diffusion coefficients were also obtained and shown in Figure 2.22, it can be seen 

that there are only some small fluctuations in self-diffusion coefficients of ScCl3 with the increase 

of mole fractions at 723 K and 773 K. The chemical diffusion coefficient with different mole 

fractions at the temperature of 773 K is larger than that at the temperature of 723 K at the same 

concentration. There is an increase and then decrease trend in the change of chemical diffusion 

coefficient with the mole fraction at 723 K and 773 K although the changes at 723 K are not so 

obvious. The comparisons in Table 2.25 shows our calculated results agree quite well with the 

literature values. 
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Figure 2.22. Self-diffusion coefficient and chemical diffusion coefficient of ScCl3 at the 

temperatures of 723 K and 773 K 

 

Table 2.25. Comparison between the calculated chemical diffusion coefficient and literature 

values 

Temperature The range of Dc (cm2/s)g Literature value (cm2/s) 

723 K 4.9077×10-6 ~ 10.469×10-6 3.0363×10-6 ~ 11.079×10-6 [97] 

773 K 1.1342×10-5 ~2.7058×10-5 0.4675×10-5 ~ 1.6356×10-5 [97] 
g: the range of  Dc corresponding to the mole fraction of 0.004975-0.029126. 

 

2.5.5 Terbium 

For the calculation of the thermodynamic properties of TbCl3, the same method was also used. The 

total Gibbs free energy of the real solution is shown in Table 2.26 
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Table 2.26. Gibbs free energy of LiCl-KCl-TbCl3 mixture solution 

Temperature Component 𝐹𝑖𝑑/𝑒𝑉 △ 𝐹1 +△ 𝐹2/𝑒𝑉 𝑝𝑉/𝑒𝑉 𝐺𝑟𝑒𝑎𝑙/𝑒𝑉 

723 K LiCl-KCl-1 TbCl3 -285.6147 -1519.3634 0.006974 -1804.9711 

LiCl-KCl-2 TbCl3 -289.0348 -1561.9635 0.007062 -1850.9912 

LiCl-KCl-3 TbCl3 -292.2548 -1604.6750 0.007104 -1896.9228 

LiCl-KCl-4 TbCl3 -295.4718 -1647.4527 0.007151 -1942.9174 

LiCl-KCl-5 TbCl3 -298.7542 -1690.1579 0.007220 -1988.9049 

LiCl-KCl-6 TbCl3 -301.9047 -1732.8904 0.007256 -2034.7879 

eutectic LiCl-KCl -564.5582 -2952.8256 0.013869 -3517.3698 

773 K LiCl-KCl-1 TbCl3 -308.5055 -1511.0849 0.007089 -1819.5834 

LiCl-KCl-2 TbCl3 -312.1583 -1553.4132 0.007169 -1865.5644 

LiCl-KCl-3 TbCl3 -315.6722 -1596.0311 0.007222 -1911.6961 

LiCl-KCl-4 TbCl3 -319.1141 -1638.6528 0.007262 -1957.7596 

LiCl-KCl-5 TbCl3 -322.5688 -1681.3289 0.007310 -2003.8904 

LiCl-KCl-6 TbCl3 -325.9744 -1723.9534 0.007349 -2049.9205 

eutectic LiCl-KCl -609.8188 -2936.3508 0.014097 -3546.1555 

 

Gibbs free energy of supercooled TbCl3 is shown in Table 2.27 

 

Table 2.27. Gibbs free energy of supercooled TbCl3 at the temperature of 723 K and 773 K 

Temperature 𝐹𝐸𝐶/ 𝑒𝑉 ∆𝐹/ 𝑒𝑉 𝑝𝑉/𝑒𝑉 Δ𝐺𝑓𝑢𝑠𝑖𝑜𝑛,TbCl3/ 𝑒𝑉 𝐺𝑠𝑐,TbCl3/ 𝑒𝑉 

723 K 52.3963 -9087.2862 0.011915 9.3567 -9025.5213 

773 K 45.3407 -9090.8553 0.012097 5.4707 -9040.0318 

 

The Gibbs free energy of ideal solution and excess Gibbs free energy were also calculated, the 

results can be seen in Table 2.28. 
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Table 2.28. The results of total Gibbs free energy of ideal solution, excess Gibbs free energy, 

mole fraction and molar excess Gibbs free energy of LiCl-KCl-TbCl3 

Temperature Component 𝐺𝑟𝑒𝑎𝑙/𝑒𝑉 𝐺𝑖𝑑𝑒𝑎𝑙/𝑒𝑉 𝐺𝑒𝑥𝑐𝑒𝑠𝑠
/𝑒𝑉 

𝑥𝐿𝑎(%) 𝐺̅𝑒𝑥𝑐𝑒𝑠𝑠( 𝐽
/𝑚𝑜𝑙 ) 

723 K LiCl-KCl-1 TbCl3 -1804.9711 -1804.2051 -0.766 0.4975 -367.7047 

LiCl-KCl-2 TbCl3 -1850.9912 -1849.6392 -1.352 0.9901 -645.8076 

LiCl-KCl-3 TbCl3 -1896.9228 -1895.0410 -1.882 1.4778 -894.3967 

LiCl-KCl-4 TbCl3 -1942.9174 -1940.4220 -2.495 1.9608 -1180.2419 

LiCl-KCl-5 TbCl3 -1988.9049 -1985.7875 -3.117 2.4390 -1467.2286 

LiCl-KCl-6 TbCl3 -2034.7879 -2031.1408 -3.647 2.9126 -1708.2251 

773 K LiCl-KCl-1 TbCl3 -1819.5834 -1818.6976 -0.886 0.4975 -425.1719 

LiCl-KCl-2 TbCl3 -1865.5644 -1864.2255 -1.339 0.9901 -639.5128 

LiCl-KCl-3 TbCl3 -1911.6961 -1909.7188 -1.977 1.4778 -939.8195 

LiCl-KCl-4 TbCl3 -1957.7596 -1955.1898 -2.570 1.9608 -1215.4260 

LiCl-KCl-5 TbCl3 -2003.8904 -2000.6444 -3.246 2.4390 -1527.7714 

LiCl-KCl-6 TbCl3 -2049.9205 -2046.0858 -3.835 2.9126 -1796.0615 

 

The fitting curves of the excess Gibbs free energy as a function of the mole fraction are given in 

Figure 2.23. It shows the fitting result is pretty well. 

 

 
Figure 2.23. The fitting curve of molar excess Gibbs free energy to mole fraction of TbCl3 in the 

solution 
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Figure 2.24. Activity coefficient of TbCl3 in eutectic molten salt at the temperature of 723 K and 

773 K 

 

It can be seen from Figure 2.24, the activity coefficient of Tb3+ increases with TbCl3 mole fraction 

at 723 K and 773 K. It should be noticed that the activity coefficients at 773 K are larger than that 

at 723 K for  low mole fraction while the activity coefficients at 723 K is larger when the mole 

fraction is higher than around 0.0235. Table 2.29 shows the calculated results are quite reasonable 

when comparing with the results from other references. 

 

Table 2.29. Comparison between the calculated activity coefficient of TbCl3 and literature values 

Temperature Mole fraction Calculated activity coefficient Literature value 

723 K 3.675×10-3 3.0916×10-5 1.7378×10-5 [99] 

773 K 3.675×10-3 5.7003×10-5 2.4547×10-5 [99] 

 

As Figure 2.25 shows, the apparent standard potential of TbCl3 increases with mole fraction. 

Moreover, the apparent standard potential at 773 K is larger than that at 723 K. The comparisons 

with the literature values are shown in Table 2.30 and it can be seen our calculated apparent 

standard potential is quite good. 

 

Table 2.30. Comparison between the calculated apparent standard potential of TbCl3 and literature 

values 

Temperature Mole fraction Calculated results (V) Literature value (V) 

723 K 3.675×10-3 -3.026 -3.038 [99] 

773 K 3.675×10-3 -2.994 -3.012 [99] 
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Figure 2.25. Apparent standard potential of TbCl3 at the temperatures of 723 K and 773 K 

 

It can be seen from Figure 2.26 that the self-diffusion coefficients of TbCl3 almost keep stable 

although there are some fluctuations. The chemical diffusion coefficients slightly depend on the 

changes of mole fractions of TbCl3 and it increases initially and then decreases with the mole 

fraction. It should be noticed that just as other three elements talked before, the diffusion 

coefficients at 773 K are larger than that at the temperature of 723 K. The comparison results are 

shown in Table 2.31, it can be seen that our calculated chemical diffusion coefficients agree quite 

well with other literature values. 
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Figure 2.26. Self-diffusion coefficient and chemical diffusion coefficient of TbCl3 at the 

temperatures of 723 K and 773 K 

 

Table 2.31. Comparison between the calculated chemical diffusion coefficient of TbCl3 and 

literature values  

Temperature The range of Dc (cm2/s)h Literature value (cm2/s) 

723 K 4.7394×10-6 ~ 10.345×10-6 3.7653×10-6 ~ 10.468×10-6 [99] 

773 K 4.4103×10-6 ~10.722×10-6 5.4836×10-6 ~ 14.745×10-6 [99] 
h: the range of  Dc corresponding to the mole fraction of 0.004975-0.029126. 

 

2.6 Conclusions 

The thermodynamic and transport properties of Uranium, Lanthanum, Yttrium, Scandium, and 

Terbium were investigated by the method of molecular dynamics simulation in the present study. 

The calculation of activity coefficient, apparent standard potential and diffusion coefficient at 

different concentrations and temperatures can help us identify the effects of concentration and 

temperature on thermodynamic properties. The comparison between our calculated results and 

literature values indicates our modelling has a relative high accuracy. This study contributes 

significantly to the investigation of thermodynamic properties since all of these properties are 

calculated at different concentrations while most of other available studies are focused on the 

dilution. 
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It was found that the activity coefficient and apparent standard potential strongly depend on the 

element concentration and the relationships between them are positive correlations. However, it 

seems that the chemical diffusion coefficients are merely slightly depend on the concentrations 

although it increases for lower concentrations and then decreases slightly when the concentration 

of MCl3 in eutectic molten salt is high enough.  

 

Temperature also plays an important role in the thermodynamic properties. This result is same to 

the previous experimental measurements for diluted molten salt. However, the effects of 

temperature on the activity coefficient can be different for different elements and the same element 

at different concentrations. This study indicates that activity coefficients of U3+, Y3+ and Sc3+ at 

the temperature of 773 K are larger than that at the temperature of 723 K while La3+ appears in the 

opposite way. It should be noticed that activity coefficient of Tb3+ at 773 K is larger than that at 

723 K for a low mole fractions while the activity coefficient at 723 K is larger when the mole 

fraction is higher than around 0.0235. The apparent standard potential at 773 K is less negative 

than that at temperature of 723 K for all the elements studied. Our calculated results also indicate 

that generally diffusion coefficient at 773 K is larger than that at 723 K although there are some 

points which do not satisfy. The activity coefficients of four rare earth elements are also compared 

which can be seen in Figure 2.27 and Figure 2.28, it shows activity coefficient of LaCl3 is the 

largest while that of ScCl3 is the smallest. 

 

 
Figure 2.27. Activity coefficients of LaCl3, TbCl3, YCl3 and ScCl3 in eutectic molten salt at the 

temperature of 773 K 
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Figure 2.28. Activity coefficient of LaCl3, TbCl3, YCl3, ScCl3 in eutectic molten salt at the 

temperature of 723 K 

 

The high accuracy of our calculated results demonstrates the modelling we used is valid so it can 

be served as a potential method to predict the thermodynamic properties of nuclear elements in the 

real pyroprocessing of nuclear waste treatment in which the concentration is high and changeable. 

Also it provides fundamental data in a wide range of composition for our model development.  

 

 

3 Thermodynamic assessment of LiCl-KCl-PuCl3 system 
 

3.1 Thermodynamic model 

The phase diagram is a powerful tool to predict the state of a system under certain conditions. 

Basically, a phase diagram consists of phase boundaries at which different phases coexist. Key 

features that can be retrieved from it include phase transitions, intermetallic compounds, liquidus 

and solidus lines as well as solubility. In the present work, thermodynamic properties of LiCl-KCl-

PuCl3 were considered and evaluated by CALPHAD method (Calculation of PHase Diagram). 

Two-sublattice model for ionic liquid was applied to LiCl-KCl, LiCl-PuCl3, and KCl-PuCl3 binary 

systems to model their Gibbs energies. The experimental data used included the phase information 

and enthalpy of mixing from literature. However, for the LiCl-KCl-PuCl3 ternary system, previous 

studies were limited in electrochemical measurements with a dilute solution. These data can be 

used but not enough to evaluate the ternary interactions in the system. As a supplementary, an 

empirical correlation to estimate the enthalpy of mixing for the asymmetric salt system that has 

been successfully used in the LiCl-KCl-UCl3 system [118] was applied to calculate the enthalpy 
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of mixing of the LiCl-KCl-PuCl3. These data combined with the results from binary systems were 

used as the input to assess the thermodynamic equilibria of the LiCl-KCl-PuCl3 system. After that, 

the solubility and Gibbs energy of formation of PuCl3 in the typical molten LiCl-KCl used in 

pyroprocessing were derived from the optimized results. 

 

3.2 CALPHAD method 

Phase diagram development is the process to seek the stable or metastable phases and phase 

boundaries. Proposed by Kaufman and Bernstein [119] in the early 70s, the CALPHAD method 

has been applied widely within the material research area now, such as alloy design and material 

performance prediction [120]. Summarized briefly, it is a method connecting existing experimental 

data about phase information and thermodynamic properties with the phase diagram by 

thermodynamic functions of Gibbs energy [121]. Basically, under a constant pressure, the 

thermodynamic functions can be expressed in terms of temperature and chemical compositions 

with some adjustable parameters. The phase diagram is the manifestation of the thermodynamic 

properties of a system. All the boundary conditions in a phase diagram can be reflected by the 

Gibbs energy of the system [122]. For example, the global minimum Gibbs energy corresponds to 

stable phase and local minimum Gibbs energy to the metastable phase. Also, when two phases 

coexist, the chemical potential of a species in these two phases should be the same 
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where 𝜇𝑖
𝜑𝑗

 and 𝑛𝑖
𝜑𝑗

 are the chemical potential and mole number of i in phase φj, respectively. 𝐺𝑡
𝜑𝑗

 

is the total Gibbs energy of phase φj . p and T are the pressure and absolute temperature, 

respectively. Therefore, by selecting an appropriate Gibbs energy model, the existing 

thermodynamic properties of a system can be satisfied and phase information from experiments 

can also be depicted if these data are self-consistent, by optimizing parameters in the model. Then 

the phase diagram can be extended to the composition range beyond the experiments and other 

properties can be also derived from the optimized results. But since it is a method totally based on 

the experimental data, it is not possible for the CALPHAD to predict completely new phases 

without input thermodynamic functions. The main flowchart of the CALPHAD is shown in Figure 

3.1. Essentially, three steps are involved during the calculation, including Gibbs energy model 

choice, database compilation, and parameters optimization.  
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Figure 3.1. Flowchart of the main steps in CALPHAD 

 

3.3 Gibbs energy model 

Generally, for a solution phase of a ternary system with components of 1-2-3, the molar Gibbs 

energy can be expressed by [123] 
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where 0

iG  is the standard molar Gibbs energy of i. ex

mG  is the molar excess Gibbs energy including 

the contributions from all sub-binary systems 1-2, 2-3, and 1-3 as well as the ternary system 1-2-
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3 in the solution. 
ix is the mole fraction of i in the solution phase, R is the gas constant, and T is 

the temperature in Kelvin. For example, the Redlich-Kister model gives excess Gibbs energy for 

binary system 1-2 as 

 
12 ,1 ,2 1 2 1 2

0

( )( )
n

exG V V T x x x x

 


    Eq. 3.3 

For the ternary system with 1-2-3, the excess Gibbs can be extrapolated from binary ones as 

 
12 12 13 13 23 23 123

ex ex ex ex ex

TernG A G A G A G G     Eq. 3.4 

Aij is the coefficient used to extrapolate binary systems to ternary one, which can be a function of 

composition. Higher order system can be extrapolated analogously. The simplest model is 

Mugginau model [124] showing  

 
12 13 23 1A A A    Eq. 3.5 

Other models, such as Kaptay model [125] for the binary systems, Kohler, Kohler/Toop, and 

Muggianu/Toop [126] models for the ternary systems do exist to deal with a variety of systems. 

An appropriate model is necessary to get a reasonable and meaningful fitting.  

 

3.3.1 Database development 

As is discussed above, existing data is the premise of the CALPHAD method. A comprehensive 

database for a specific system has to be developed before the method can be carried out. The 

database not only contributes to the selection of the models of Gibbs energy but also is 

indispensable to fit the parameters in these models. Since the model is about Gibbs energy, any 

data related to it can be used in the calculation. The main data that can be used as the input are 

listed in Table 3.1. 
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Table 3.1. Useful data for calculating the phase diagrams 

Data and other information Comments 

Intermediate compounds in 

the system 

Phase diagram calculation is based on the existing 

data, it can only reflect the compounds we input but 

cannot generate new compounds itself 

Standard Gibbs energy of 

formation for A, B, C and 

intermediate compounds  

Standard Gibbs energy of formation for liquid and 

solid should be given for every species. Also, the 

temperature range of the application and reference 

states should be defined.  

 

Activity or activity coefficient 

Temperature, reference states, and composition of the 

solution must be recorded for every data point. It is 

better with data beyond dilute solution. 

Enthalpy, entropy, and Gibbs 

energy of mixing 

Temperature, reference states, and composition of the 

solution must be recorded for every data point. 

Chemical potential Temperature, reference states, and composition of the 

solution must be recorded for every data point. 

Electromotive force  Temperature, reference states, and composition of the 

solution must be recorded for every data point. 

Liquidus and solidus lines or 

points 

Phase boundaries. It also can verify the calculating 

results 

Heat capacity Heat capacity at constant pressure and the temperature 

range of application 

Possible miscibility gas In the solid and liquid solution part 

Magnetic properties For example, the critical temperature for magnetic 

ordering and the Bohr magneton number. Generally 

for the solid 

Eutectic points, congruent 

melting points, peritectic 

points, etc 

Special points to define a phase diagram 

 

3.3.2 Parameter optimization 

Generally, parameters are optimized by minimizing the sum of squared errors through iterations. 

Algorithms used include Marquardt’s, Gauss, and other algorithms [122]. There is several ready-

to-use software, such as Thermo-Calc [127], FactSage [128], and Pandat [129].  
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3.3.3 Gibbs energy model 

In the present work, a two-sublattice model [130][131] was applied to describe the excess Gibbs 

energy of liquid. The model separates anions and cations into different sublattices. There are two 

intermediate compounds in LiCl-KCl-PuCl3 system, K2PuCl5 and K3PuCl6 [132] and previous 

studies showed PuCl6
3− prevails in Pu(III)-containing molten salt [133]. Accordingly, here K3PuCl6 

was treated as a neutral species in anionic sublattice to deal with the short-range ordering. The 

model was indicated by 

 

(K+, Li+, Pu3+)p : (Cl-, K3PuCl6)q 

 

The parenthesis represents different lattices and the colon is used to separate them. In every 

parenthesis, there is a constituent array resided in the sub-lattice. p and q are the site numbers in 

the corresponding lattice and given by 

 
Cl

p y   Eq. 3.6 

And 

 33
K Li Pu

q y y y      Eq. 3.7 

where 𝑦𝑖 is the site fraction of a particular species i on the corresponding sublattice. The molar 

Gibbs energy of liquid phase was 
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where
0 .

:

Liq

ClLi
G   ,  

.

:

0 Liq

K Cl
G   3

0 .

:

Liq

ClPu
G   ,

3 6

.0 Liq

K PuClG  are the standard molar Gibbs energy of LiCl, KCl, 

PuCl3, and K3PuCl6 in liquid status, respectively. .E Liq

mG  is the molar excess Gibbs energy. In the 

manner of Muggianu formalism [134], it is given by 
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 Eq. 3.9 

These interaction parameters L for both binary and ternary interactions can be expressed as 

concentration and temperature dependent. For example, binary interaction parameter 𝐿
𝐾+,𝑃𝑢3+:𝐶𝑙−
𝐿𝑖𝑞.

 

was expanded as a Redlich-Kister polynomial [135] 
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

   Eq. 3.10 
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And ternary one, for example, can be 

 
3 3 3

.

, , : : : :

Liq

Li K Pu Cl Li Li Cl K K Cl Pu Pu Cl
L y L y L y L                Eq. 3.11 

Then linear dependence on temperature was applied to these parameters like 

 v

v vL a b T   Eq. 3.12 

𝑎𝑣 and 𝑏𝑣 are the parameters needed to optimize during the calculation. Since there are no heat 

capacity data for the intermediate compounds K2PuCl5 and K3PuCl6, their standard Gibbs energies 

were written according to Neumann–Kopp rule [136] as 

 
3 3

0 0 0

   m n m n

state state state

K Pu Cl KCl PuClG m G n G A BT

     Eq. 3.13 

where “state” stands for liquid or solid. A and B are variables related to the enthalpy and entropy 

of formation of the intermediate compound m n m+3nK Pu Cl , respectively. These values were 

optimized according to experimental data. 

The only solid solution considered in the LiCl-KCl-PuCl3 system was the LiCl-KCl mutual 

terminal solution that is less than 5 mol% reported by Ghosh [118]. The solid solution was also 

described by two-sublattice model as 

(Li+, K+)1 : (Cl-)1 

The molar Gibbs energy was  

 0 0

: :
( ln ln )S S S E S

m mK K Cl Li Li Cl K K Li Li
G y G y G RT y y y y G               Eq. 3.14 

And excess Gibbs energy was  

 

, : , :
0

( )

v

E S v S S

m Li K Li Li K Li

n
v

K Cl K C L K
v

il
LG L yy y yy y          



    Eq. 3.15 

 

3.4 Database development 

For developing the ternary phase diagram based on CALPHAD, experimental data for all the 

binary systems (LiCl-KCl, LiCl-PuCl3, KCl-PuCl3) and the ternary system are needed. In this 

section, the database was developed based on previous experimental data.  

 

3.4.1 Binary systems 

The LiCl-KCl system has been widely studied. Phase boundary information was investigated by 

Richards [137], Aukrust [138], Korin [139], and Basin [140] with the methods of heating curves, 

cooling curves, calorimetric measurements, and oscillation phase analysis. Hersh [141] studied the 

enthalpy of mixing at the temperature of 1013 K. Recently Ghosh [118] evaluated the LiCl-KCl 

system with terminal solubility and demonstrated by experiments that the mutual solubility was 

less than 5 mol%. However, there are only a few studies on LiCl-PuCl3 and KCl-PuCl3. Bjorklund 

and co-workers [142] studied the phase equilibria of the LiCl-PuCl3 binary system and reported it 

to be a simple eutectic system without any solid solution or intermediate compounds. The eutectic 

point occurs at 28% PuCl3 with a temperature of 734 K. The phase diagram of KCl-PuCl3 is a little 
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more complex compared to the other two binary systems since two intermediate compounds were 

reported [132]: K3PuCl6 and K2PuCl5. K3PuCl6 melts congruently at 6850C and the peritectic point 

related to K2PuCl5 melting appears at 35% PuCl3 with a temperature of 6110C. 

 

3.4.2 Ternary system 

Few references were found about the phase diagram or enthalpy about the LiCl-KCl-PuCl3 system, 

but a variety of experimental measurements have been performed to explore the electrochemical 

behaviors of PuCl3 in LiCl-KCl eutectic salt as reviewed in Chapter 1. These review data were 

inputted to the Gibbs energy model to evaluate the ternary interactions.  

 

3.5 Results and discussion 

The parameter optimization was carried out in the PARROT module of CALPHAD software 

Thermo-Calc [127] by minimizing the sum of squared errors through iterations. Data collected in 

Table 3.2 were edited into an experimental data file to be used as the input. After obtaining the 

Gibbs energy expressions for different phases in the system, phase diagrams were calculated and 

plotted accordingly in the POLY module of the same software.  

 

Table 3.2. Gibbs energy database (J/mol) input for the LiCl-KCl-PuCl3 system 
Parameters Functions Ref. 

Liquid 0 .

:

Liq

Li ClG  2
395043.11 16.124629 4.0793198 ln( ) 0.071486773

5 3 1
1.4175712 10 394814 , 298.15 K 883 K

417132.497 421.76137 73.3062 ln( )

2 1
0.004715055 16535 , 883 K 2000 K

T T T T

T T T

T T T

T T T

    

 
    

   


   

  

[118] 

0 .

:

Liq

K ClG     3 2
427035.9 247.546026 52.801 0.93665 10

6 3 1
2.409027 10 97730 , 298.15 K 750 K

3 2
648588.535 3031.321656 469.507 ln( ) 350.0937 10

6 3 1
57.429763 10 22222816 , 750 K 1045 K

443361.737 404.7

T Tln T

T T T

T T T T

T T

T

T


    

 
    


    

 
    

  65951 73.3994 ln( ), 1045 K 2000 KT T T T  

 

[118] 

0 .

:

Liq

Pu ClG  2
1037967.35 479.21511 94.12701 ln( ) 0.0135962

10 3 1
6.25 10 28380 63579 61.5653437 ,

298.15 K 1033 K

1064596.34 766.881722 133.888 ln( ) 63597

61.5653437 , 1033 K 1500 K

T T T T

T T T

T

T T T

T T



 

  

  

 


















 

[143] 
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3 6

0 .Liq

K PuClG  . .0 03 6700 66.7
3

Liq Liq
G G T

KCl PuCl
    

[144] 

Solid 0

:

S

Li ClG  2
423060.237 246.636632 44.7048 ln( ) 0.0089638

7 3 1
3.1058 10 97229 , 289.15 K 883 K

2
490131.802 821.73726 124.44483 ln( ) 0.025420461

6 3 1
1.523016 10 9722242 , 883 K 2000 K

T T T T

T T T

T T T T

T T T

   

 
    

   

 
    

  

[118] 

Solid 0

:

S

K ClG  3
452489.937 263.149637 51.2948 ln( ) 1.40523 10

6 3 1
1731001 10 76732 , 298.15 K 700 K

487176.143 762.308381 127.7773 ln( )

3 2 6 3 1
72.96818 10 15.190909 10 3002008 ,

700 K 800 K

729641.417 3635.

T T T

T T T

T T T

T T T

T


    

 
    

  

  
    

 

  724945 553.3953 ln( )

3 2 6 3
406.611005 10 63.587069 10

1
28867854 , 800 K 1045 K

9292757.859 83732.64789 11945.8623451 ln( )

3 2 6 3
7098.951923 10 795.735427 10

1
1229243789 , 1045 K 1100 K

469544.

T T T

T T

T T

T T T

T T

T T



 
   


  

  

 
   


  

 033 429.820456 73.3994 ln( ), 1100 K 2000 KT T T   

 

[118] 

3

0 S

PuClG  2
1.37967.35 479.21511 94.12701 ln( ) 0.0135862

10 3 1
6.25 10 28380 , 298.15 K 1033 K

1064596.34 766.881722 133.888 ln( ), 1033 K 1500 K

T T T T

T T T

T T T T

   

 
    

    

 

[143] 

 

3.5.1 Binary phase diagrams 

3.5.1.1  LiCl-KCl 

Figure 3.2 plots the calculated phase diagram of LiCl-KCl. The eutectic point was calculated to be 

at 58.6 mol% LiCl and 626 K. Due to the similarity of K and Li, a small portion of K atoms can 

be substituted for Li atoms in LiCl crystal. Then K atoms act as the solute in the matrix of LiCl 

while LiCl would still keep its structure. The same rule applies to KCl as well. So the two solid 

solution phases marked as LiCl and KCl at two terminals of the phase diagram in Figure 3.2 are 

not pure LiCl and KCl but LiCl-structure crystal and KCl-structure crystal, respectively. Or it can 

be said that these two solid solution phases are two different halite structure crystals. 
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Figure 3.2. Calculated LiCl-KCl phase diagram 

 

3.5.1.2  LiCl-PuCl3 

LiCl-PuCl3 was reported as a simple eutectic system with the eutectic point at 28 mol% PuCl3 and 

734 K [142]. Figure 3.3 shows our calculated phase diagram. And the eutectic point obtained in 

this work is at 26.8 mol% and 731 K, which agrees very well with experimental data 
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Figure 3.3. Calculated LiCl-PuCl3 phase diagram 

 

3.5.1.3 KCl-PuCl3 

KCl-PuCl3 has two intermediate components K2PuCl5 and K3PuCl6. The calculated phase is shown 

in Figure 3.4. Calculated melting point of K3PuCl6 is at 958 K, compared against the value of 

958 K reported by Benz [132]. The peritectic point calculated for K2PuCl5 is at 35 mol% KCl and 

884 K, while the values of 35 mol% KCl and 884 K reported by Benz [132] as well. Table 3.4 

shows the optimized parameters for these binary systems and Table 3.6 is the comparison between 

the calculated results and the literature data. 
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Figure 3.4. Calculated KCl-PuCl3 phase diagram 

 

3.5.2 Ternary phase diagram 

There are extensive studies about the electrochemical behaviors of PuCl3 in LiCl-KCl eutectic melt 

for dilution but no studies reported on the enthalpy or phase information of the LiCl-KCl-PuCl3 

ternary system. Here an empirical correlation was derived from the surrounded-ion model, which 

has been employed in a LiCl-KCl-UCl3 system [118], and was used to estimate the enthalpy of 

mixing of the current ternary system. On the basis of this model, the enthalpy of mixing is 

described by 
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 Eq. 3.16 

where ix is the mole fraction of species i and ( )i jH


  represents partial enthalpy of mixing at infinite 

dilution for component i in the i-j binary system. Figure 3.5 shows the calculated enthalpy of 
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mixing for these three binary systems at 1200 K. The similar structure of the LiCl and KCl is 

indicated by the pretty symmetric curve. What should attract one’s attention most is that the 

minimum value of enthalpy of mixing of KCl-PuCl3 system is present at PuCl3-rich side with 

around 0.63 mole fraction of PuCl3. This is unexpected because the only two compounds existing 

in the system are K2PuCl5 and K3PuCl6, which are both KCl-rich. This phenomenon could be due 

to the effects of some local ordering [145,146]. But further experiments, for example, by X-ray 

diffraction method, are merited to investigate it and provide more insightful information. Based 

on the plot of enthalpy of mixing, these ( )i jH


  in Eq. 3.16 were obtained, which are shown in 

Table 3.3. Based on the model, the enthalpy of mixing of LiCl-KCl-PuCl3 system at 1200 K with 

(LiCl) : (KCl) 0.586 : 0.414x x   was estimated and is indicated in Figure 3.5, which was used as 

the input to extrapolate the binary systems to ternary one based on the Muggianu formalism with 

ternary interactions described by Eq. 3.8 to Eq. 3.12 [134]. 

 

Table 3.3. Partial enthalpies at infinite dilution at 1200 K 
i j ( )i jH



  (kJ/mol) ( )j iH


  (kJ/mol) 

LiCl KCl -15.33 -15.77 

LiCl PuCl3 -40.48 -33.84 

KCl PuCl3 -99.66 -53.86 
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Figure 3.5. Calculated enthalpy of mixing for LiCl-KCl, LiCl-PuCl3, KCl-PuCl3, and LiCl-KCl-

PuCl3 ternary system with x(LiCl):x(KCl)=0.586:0.414 at 1200 K 

 

The optimized parameters are shown in Table 3.4. The obtained results for A and B in Eq. 10 

indicate that the enthalpy and entropy of formation are -48.16 kJ/mol and 23.92 J/mol/K, 

respectively, for 2 5K PuCl crystal and -21.25 kJ/mol and 78.80 J/mol/K for 3 6K PuCl crystal. Based 

on the equilibrium information, the apparent potential of PuCl3 (
3

ap

PuClE  vs Cl2/Cl- ) in LiCl-KCl 

eutectic was calculated for an infinite dilute solution and can be compared with the data from the 

literature reviewed. The reported values in literature and calculated results are plotted in Figure 

3.6. The fitted correlations are listed in Table 3.5. As seen from the comparison, the present work 

is in good agreement with the literature. The maximum difference of 9% should be reasonable 

when considering the difference of PuCl3 mole fraction in the salt, electrode reference, and 

electrochemical methods used in experiments [118].   
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Table 3.4. Optimized parameters for the LiCl-KCl-PuCl3 system 
Phase Parameters 

Solid                             0

, :
17467.15

Li K Cl
L       

                            
2 5 3

0 0 02 48155.48 23.92s s

K PuCl P

s

KCl uClG G G T      

                           
3 6 3

0 0 0

   3 21250.17 78.80s s s

K PuCl KCl PuClG G G T      

 

Liquid                             0

, :
-17523.74

Li K Cl
L      

                            3

0

, :
41287.45 29.33

Pu Li Cl
L T       

                            3 , :
¹ 4617.38 6.59

Pu Li Cl
L T      

                            3

0

  , :
125404.78 40.40

K Pu Cl
L T        

                            3,

1

:
18196.78

K Pu Cl
L        

                            
3 6

0

   : ,
37469.98

K Cl K PuCl
L       

                            3
3 6

0

: ,
107125.88

Pu Cl K PuCl
L       

                            3

0

, , :
316741.85

Li K Pu Cl
L         

                            3

1

, , :
5046.88

Li K Pu Cl
L       

                            3

2

, , :
61450.10

Li K Pu Cl
L       

 

 
Figure 3.6. Comparison of apparent potential for PuCl3 in LiCl-KCl eutectic 
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Table 3.5. Comparison of apparent potential for PuCl3 in LiCl-KCl eutectic 

Apparent potential (V vs. Cl2/Cl-) Temperature (K) Reference 

3

43.3048 6.910 10ap

PuClE T     733-823 [25] 

3

43.2980 7.600 10ap

PuClE T     723-823 [26] 

3

43.3187 7.044 10ap

PuClE T     673-773 [27] 

3

43.3048 6.910 10ap

PuClE T     733-823 [42] 

3

43.2950 6.594 10ap

PuClE T     673-773 [43] 

3

43.2904 7.500 10ap

PuClE T     723-823 [44] 

3

43.4727 7.058 10ap

PuClE T     673-823 Present work 

 

Figure 3.7 is the calculated isothermal section at 773 K, which is the general temperature 

pyroprocessing operates at. Figure 3.8 shows the calculated liquidus projection. It indicates two 

eutectics and one quasi-peritectic. One eutectic (E1) involving LiCl, PuCl3, and K2PuCl5 occurs at 

616 K and another one (E2) involving LiCl, KCl, and K3PuCl6 at 589 K. The quasi-peritectic 

involving K2PuCl5, K3PuCl6, and LiCl appears at 658 K. There is also a monovariant eutectic 

involving LiCl and K2PuCl5 at 690 K. All these phase reactions have been presented in Table 3.6. 
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Figure 3.7. Calculated isothermal section of LiCl-KCl-PuCl3 at 773 K 
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Figure 3.8. Calculated liquidus projection for LiCl-KCl-PuCl3 system 

 

Table 3.6. Phase reactions in LiCl-KCl-PuCl3 system 

Phase reaction Reaction 

type 

Composition 

of liquid 

T/K Reference 

LiClx   
3PuClx  

Binary 

Liquid ⇌ LiCl + KCl Eutectic 0.586 - 626 This work 

0.585±

0.003 

- 628±3 [118, 137-

140] 

Liquid ⇌ LiCl + PuCl3 Eutectic - 0.268 731 This work 

- 0.28 734 [142] 

Liquid ⇌ KCl + K3PuCl6 Eutectic - 0.161 895 This work 

- 0.17 894 [132] 

Liquid ⇌ K3PuCl6 Congruent - 0.250 958 This work 

- 0.250 958 [132] 

Liquid + K3PuCl6 ⇌ K2PuCl5 Peritectic - 0.350 884 This work 

- 0.35 884 [132] 

Liquid ⇌ PuCl3 + K2PuCl5 Eutectic - 0.564 759 This work 

- 0.57 759 [132] 
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3.5.3 Solubility and apparent potential 

Three temperatures of 723, 773, and 823 K were analyzed in detail. Figure 3.9 shows the calculated 

liquidus projection under these three temperatures. The dashed line stands for the compositions 

with (LiCl) : (KCl) 0.586 : 0.414x x  . The squares represent where the solid first appears and the 

circles represent where PuCl3 starts to become solid, which should be the limit of solubility of 

PuCl3 in LiCl-KCl eutectic salt at different temperatures. The mole fractions of PuCl3 at these 

positions are listed in Table 3.7. Generally, the solubility 
3PuClS  in the unit of mole fraction can be 

expressed by [147] 

 
3

log PuCl

b
S a

T
   Eq. 3.17 

which was used to fit the calculated data in Table 3.7. Figure 3.10 shows the fitting result, which 

gives the correlation of  

 
3

478.37
log 0.2415PuClS

T
   Eq. 3.18 

Figure 3.11 shows the Gibbs energy of formation of PuCl3 in LiCl-KCl eutectic up to 5 mol% at 

different temperatures. The Gibbs energy change at 4.3 mol% PuCl3 at 723 K is due to the 

precipitation of LiCl in the liquid. It shows that the Gibbs energy is dependent on the concentration 

and increases with it, which should be noted but is not well reported in literature.   

 

 

Ternary 

Liquid ⇌ LiCl + KCl + K3PuCl6 Eutectic 0.350 0.089 589  This work 

Liquid + K2PuCl5
⇌ K3PuCl6 + LiCl 

Quasi-peritectic 0.338 0.155 658 This work 

Liquid ⇌ LiCl + PuCl3 + K2PuCl5 Eutectic 0.279 0.359 616  This work 

Liquid ⇌ LiCl + K2PuCl5 Eutectic 0.324 0.225 690  This work 
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Figure 3.9. Calculated liquidus projection for LiCl-KCl-PuCl3 system at 723, 773, and 823 K 

 

Table 3.7. Mole fraction of PuCl3 at the squares and circles in Figure 3.9 
 723 K 773 K 823 K 

Squares 0.043 0.076 0.137 

Circles 0.382 0.415 0.460 
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Figure 3.10. Calculated solubility of PuCl3 in LiCl-KCl eutectic and the fitting curve 

 

 
Figure 3.11. Calculated Gibbs energy of formation of PuCl3 in LiCl-KCl eutectic at 723, 773, 

and 823 K 
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3.6 Conclusions  

Thermodynamic assessment for the LiCl-KCl-PuCl3 ternary system has been carried out by the 

CALPHAD method using a two-sublattice model. Binary systems of LiCl-KCl, LiCl-PuCl3, and 

KCl-PuCl3 were primarily evaluated based on available phase information and enthalpy of mixing. 

The calculated results show good agreement with experimental data. The enthalpy of mixing of 

LiCl-KCl-PuCl3 was estimated by an empirical correlation for the asymmetric ionic salt system. 

The estimation combined with the output from binary systems and previous electrochemical 

studies were used as the input to extrapolate to the ternary system. 

 

The solubility and Gibbs energy of formation of PuCl3 in LiCl-KCl eutectic were obtained from 

the optimized results. Other interesting thermodynamic properties can be derived from it as well. 

This study helps to evaluate the salt states and PuCl3 properties during pyroprocessing and will 

also contribute to the evaluation of other salt systems with more components. Also, the properties 

of PuCl3 in a full range of compositions may benefit the safeguards of pyroprocessing of detecting 

the concentration of PuCl3 in the electrorefining batches. 

 

 

4 Integrated model development and case studies 

4.1 Introduction 

As was reviewed in Chapter 1, a kinetic model not only has the ability to safeguard the 

pyroprocessing but also can be used to monitor the separation processing and instruct the operation 

of pyroprocessing facilities via its output signals, mainly with the potential, current, and species 

concentration. The potential determines the quality of the deposition on the cathode. When the 

potential is more negative than the redox potential of an element, the element can be reduced at 

the cathode. Sudden decrease or increase of the potential at the cathode indicates new elements 

generated and may serve as a signal of SNM diversion. By adjusting the potential, purity of the 

deposition can be controlled. Current can be used to measure the quantity of deposition by 

integrating it with respect to the time. So the deposition amount and throughput can be predicted. 

Current is also an indicator of material transport and can be used to verify the material distribution 

obtained by other methods. Species concentration in the molten salt is the direct variable to 

determine the material balance. Monitoring of it is the most straightforward method to detect any 

scenario of SNM diversion, thus to safeguard the pyroprocessing facilities. In this Chapter, we 

focus on developing the kinetic model to predict the material transport in the electrorefiner. The 

model was validated by existing experimental data and then new cases were run to investigate the 

separation performance under different conditions to provide the safeguards signature for the 

pyroprocessing.   
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4.2 Model construction 

Considering a half reaction of reduction involving soluble-soluble transition on the cathode during 

the electrorefining 

 nO ne R    Eq. 4.1 
The current density is defined by the difference of forward and backward reactions as 

 ( )s s

f O b Rj nF k C k C   Eq. 4.2 

where kf and kb are the forward and backward rate constants, respectively, s

OC  and s

RC  are the 

surface concentrations of oxidant and reductant on the electrode, respectively. These rate constants 

can be expressed in terms of the electrode potential 

 
0 exp[ ( )]f

f

nF
k k E E

RT


    Eq. 4.3 

 
0

(1 )
exp[ ( )]f

b

nF
k k E E

RT


   Eq. 4.4 

where k0 is the standard rate constant,   is the transfer coefficient, R is the gas constant, T is the 

temperature in Kelvin, E is the electrode potential, and Ef is the formal potential, n is the number 

of electrons involved.  Then the Butler-Volmer equation is derived as  

 
0

(1 )
{ exp[ ( )] exp[ ( )]}s f s f

O R

nF nF
j nFk C E E C E E

RT RT

 
      Eq. 4.5 

When the reaction is at equilibrium the current density should be zero, which gives 

 
0 0 0

(1 )
exp[ ( )] exp[ ( )]b f b f

O eq R eq

nF nF
j nFk C E E nFk C E E

RT RT

 
      Eq. 4.6 

where j0 is defined as the exchange current and Eeq is the equilibrium potential, b

OC  and b

RC  are the 

bulk concentrations because surface and bulk concentration should be the same at equilibrium. 

Nernst equation shows 

 
ln

b
f O

eq b

R

CRT
E E

nF C
   Eq. 4.7 

Plugging Eq. 4.7 into Eq. 4.6, one has the exchange current in the form of 

 (1 )

0 0

b b

O Rj nFk C C   Eq. 4.8 
Introducing Eq. 4.8 to Eq. 4.5, Butler-Volmer equation can be expressed in another manner as 

 

0

(1 )
{ exp[ ] exp[ ]}

s s

O R

b b

O R

C CnF nF
j j

C RT C RT

 
 


    Eq. 4.9 

where   is the over-potential defined by 

 
eqE E    Eq. 4.10 

Above is the discussion of kinetic process on the electrode surface. For the diffusion process, the 

current density can be expressed by  

 ( ) ( )b s s b

O O O R R Rj nFK C C nFK C C     Eq. 4.11 
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where KO and KR are the mass transfer coefficients of oxidant and reductant, respectively, which 

can be determined by the flow conditions. The third term is because the reductant is produced on 

the electrode surface so its surface concentration is larger than the bulk concentration. Then the 

limiting currents of diffusions are  

 c b

L O Oj nFK C  Eq. 4.12 
and  

 a b

L R Rj nFK C   Eq. 4.13 
c

Lj  and a

Lj  are the cathodic and anodic limiting currents, respectively. Taking the ratios of Eq. 

4.12 and Eq. 4.13 to Eq. 4.11, relations between surface concentration, bulk concentration, and 

limiting current can be obtained 

 
1

s

O

b c

O L

C j

C j
   Eq. 4.14 

 
1

s

R

b a

R L

C j

C j
   Eq. 4.15 

Combining Eq. 4.14, Eq. 4.15, and Eq. 4.9, the Butler-Volmer equation coupled with mass transfer 

is written as 

 
0

0 0

{exp[ ( / ) ] exp[(1 )( / ) ]}

1 exp[ ( / ) ] exp[(1 )( / ) ]
c a

L L

j nF RT nF RT
j

j j
nF RT nF RT

j j

   

   

  


   

 
Eq. 4.16 

It is shown that when   is extremely negative, j will approach c

Lj . And when   is extremely 

positive,  j will approach a

Lj .  

 

4.2.1 Solid cathode 

For the solid cathode, the reductant exists as the metal. Basically, there is no diffusion for the 

reductant, for example U metal. And its concentration is set to unity. Therefore, at the solid anode 

and molten salt interface, one has 

 , , ,( )ms c b ms s ms

O O Oj nFK C C   Eq. 4.17 
 , ,c ms c b ms

L O Oj nFK C  Eq. 4.18 
 

1
s

O

b c

O L

C j

C j
   Eq. 4.19 

Combining them with the Eq. 4.9, the following equation could arrive 

 
0

0

{exp[ (3 / ) ] exp[(1 )(3 / ) ]}

1 exp[ (3 / ) ]

s

s

c

L

j F RT F RT
j

j
F RT

j

   

 

  


 

 
Eq. 4.20 

The equilibrium potential now is  
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 0 lneq ms msRT
E E X

nF
   Eq. 4.21 

 

4.2.2 Solid anode 

The situation differs in solid spent fuel anode. Previous studies about the dissolution behavior of 

U-Pu-Zr found that a dense salt layer consisting of Zr powder and salt exists around the dissolved 

fuel [148,149,150]. Before dissolving into the electrolyte, oxidized Pu and U ions need to pass 

through this layer, which is a fibrous or cottonlike microstructure [149]. Therefore, another 

diffusion layer of porous Zr was considered for the dissolution of U-Pu-Zr alloys. The model is 

shown in Figure 4.1. Steady state was assumed considering the long time needed for the 

electrorefining. 

 

 

                                        

 

 

 

 

 

 

 

 

 

 

 

Figure 4.1. Diffusion model in U-Pu-Zr anode. I is the undissolved alloy, II is the porous Zr, III 

is the diffusion layer on the molten salt side, IV is the molten salt electrolyte. 

 

Therefore, Eq. 4.22 was established for each actinide.  

 ,2 1
_ 1

_

( )
( )ms a

porous Zr O b

porous Zr

C C
nFD nFK C C j

L


    Eq. 4.22 

where Lporous_Zr is the thickness of porous Zr layer and ,ms a

OK  is the mass transfer coefficient in 

molten salt.  

Even though the redox potentials of other actinides and active fission products are much lower 

than U, it is assumed that they would not be oxidized until the surrounding U has dissolved 

considering U is the major component of used fuel and other elements are embedded inside. They 

would not be contacting with the molten salt sufficiently to react before the dissolution of U. 

Basically, these active elements were assumed to be co-dissolved with U with a current related to 

the current of U.  

I II III IV 

C2 

C1 

Cb 
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AE AE

Ac U

U U

n x
i i

n x
  Eq. 4.23 

The subscript AE represents the active metals. In the alloy, initially, only active metals dissolve to 

support the current. The radius of the undissolved alloy decreases while porous Zr increases. When 

the surface concentrations of the metal ions exceed their solubility limits in molten salt, as shown 

by Eq. 4.24, Zr from outside of the porous Zr layer starts to dissolve to compensate for the current. 

The thickness of the layer then decreases correspondingly.  

 
2

slb

kC C  Eq. 4.24 

where slb

kC  is the solubility of element k in mol/cm3. There was no diffusion in porous Zr layer for 

Zr ions since it was assumed that Zr only dissolves from the most outside. The thickness change 

of porous Zr layer during the dissolution can be derived from Eq. 4.25 and Eq. 4.26 

 2 2[ ( ) ( )]

100

a a alloy a alloy a U U

dis U

R H R l H l W
N m

    
  

2 2

_ _[ ( ) ( )]

100

a a p Zr a p Zr a Zr Zr

dis Zr

R H R l H l W
N m

    
  

Eq. 4.25 

where Ra and Ha are the initial radius and length of the alloy, respectively. alloyl  and _porous Zrl

are the thickness decreased due to the dissolution of U and Zr, respectively. W represents the 

weight percent of each element in the alloy, disN is the total mole number of elements dissolved 

into the electrolyte, and m is the molar weight of elements. Then the thickness of porous Zr layer 

is 

 
_ _porous Zr alloy porous ZrL l l    Eq. 4.26 

The Butler-Volmer equation is still written as 

 
0

0

{exp[ (3 / ) ] exp[(1 )(3 / ) ]}

1 exp[ (3 / ) ]

s

s

c

L

j F RT F RT
j

j
F RT

j

   

 

  


 

 
Eq. 4.27 

But the current is controlled by both Eq. 4.22 and Eq. 4.27.  

 

4.2.3 Liquid cadmium electrode 

Liquid cadmium is used sometimes for the intention to co-deposit all the actinides. The high 

activity coefficient of uranium and low activity coefficients of other actinides in cadmium make 

their formal potential very close [27]. It is hard for one actinide element to be decontaminated from 

others because they are reduced basically simultaneously. When Pu and other minor actinides are 

accumulated in molten salt to some designated criteria with the deposition of U, the solid electrode 

is switched to a liquid one to deposit out remaining actinides. That is why some researchers claim 

that pyroprocessing has the intrinsic barriers for proliferation [151,152]. Actually, small amounts 
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of lanthanide fission products are also collected in liquid cadmium, which actually benefits to the 

safeguards because of its high radioactivity [153]. Taking the cathode cadmium as an example, 

when the reduced metals are dissolving into the cadmium, one has two diffusion processes. One is 

at the molten salt side and another at the cadmium side. 

 , , , ,( ) ( )ms b ms s ms Cd s Cd b Cd

O O O R R Rj nFK C C nFK C C     Eq. 4.28 
 ,c ms b ms

L O Oj nFK C  Eq. 4.29 
and  

 ,a Cd b Cd

L R Rj nFK C   Eq. 4.30 
Combining these equations to the Butler-Equation, one now has 

 
0

0 0

{exp[ (3 / ) ] exp[(1 )(3 / ) ]}

1 exp[ (3 / ) ] exp[ (3 / ) ]

Cd

Cd Cd

c a

L L

j F RT F RT
j

j j
F RT F RT

j j
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   

  


   

 
Eq. 4.31 

The sign change at the denominators of Eq. 4.31 is because that the oxidant is produced at the 

anode and its surface concentration should be larger than the bulk concentration. And the reductant 

needs to diffuse from bulk liquid cadmium to the surface so its bulk concentration should be larger 

than the surface concentration. The equilibrium potentials at the anode are  

 
, 0 ln

ms ms
Cd eq

Cd Cd

RT X
E E

nF X




   Eq. 4.32 

In the cadmium, the solubility of metals has to be considered, for example, when the concentration 

of Pu exceeds its solubility, PuCd6 is formed and precipitates at the bottom. When metals reach 

their solubility and form AECdz, in a time step of Δt, Eq. 4.33 should be satisfied, which can be 

rearranged as Eq. 4.34 
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i t
z V t t S V t S m V t t V t

n F



       Eq. 4.33 
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 




 Eq. 4.34 

where mCd is the molar weight of Cd, ρCd is the density of Cd. Then the distribution of species in 

anode, electrolyte, and cathode is derived numerically as 
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4.3 Parameters identification 

For the model validations, only three elements Zr (IV), U(III), and Pu(III), were involved. But for 

the application of the model, totally 7 species were studied, such as Zr(IV), U(III), Pu(III), Am(II), 

Gd(III), Ce(III), and La(III). The potential of Zr is the between U and other noble metals. All the 

noble metals will be retained in the anode if the dissolution of Zr is avoided. Am is the actinide 

whose potential is next to the lanthanide species and Gd is the lanthanide whose potential is closest 

to the actinides [154]. Therefore, the separation performance of Zr, Am, and Gd can represent how 

the noble metals, actinides, and lanthanides are separated from each other. U and Pu are the 

actinides mostly concerned for the safeguards and Ce and La represent other lanthanides. 

Basically, all parameters for these 7 elements needed to be collected. 

  

4.3.1 Density of LiCl-KCl molten salt and liquid cadmium 

Several kinds of molten salt electrolytes have been considered for the electrorefining, including 

LiCl-KCl (42 mol % KCl), NaCl-KCl (50 mol % KCl), BeF2-LiF (67 mol % LiF), and CaF2-LiF 

(77 mol % LiF) [155], but generally LiCl-KCl is recognized as the best candidate due to its lower 

eutectic melting temperature [155]. Cd is commonly used as the liquid electrode. Based on the 

work from Janz [156], the density of LiCl-KCl was reached in the form of  

 3 4[ / ] 1.9397 4.9422 10ms g cm T     Eq. 4.38 
Zhang [20] reported the density of Cd as  

 3 3[ / ] 8.7504 1.251 10Cd g cm T     Eq. 4.39 
 

4.3.2 Diffusion coefficient in molten salt 

As the diffusion coefficient significantly affects the material transport when multiple literature 

sources are found for an element the correlation compiled by Zhang [105], based on previous 

studies, was used to obtain an “average value”. As was reviewed in Chapter 1, diffusion coefficient 

was widely studied for the U and Pu. Calculated result of 1.02×10-5 cm2/s at 773 K for the UCl3 

was applied in the model. By averaging literature data, Zhang [105] obtained the correlation for 

Pu, Gd, La as 

 3 32128.8
1.66322 10 exp( ), 650 873 Kms

PuD
RT

     Eq. 4.40 

 3 32485
1.1812 10 exp( ), 673 873 Kms

GdD
RT

     Eq. 4.41 

 3 30010
2.16 10 exp( ), 653 863 Kms

LaD
RT

     Eq. 4.42 

Diffusion coefficients of Zr, Am, and Ce were reported by Yamada et al. [157], Serp et al. [158], 

and Marsden et al [159], respectively.  
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 3 37000
3.58 10 exp( ), 723 873 Kms

ZrD
RT

     Eq. 4.43 

 2 44747.6
1.7211 10 exp( ), 733 823 Kms

AmD
RT

     Eq. 4.44 

 3 35791.8
3.965 10 exp( ), 673 973 Kms

CeD
RT

     Eq. 4.45 

4.3.3 Diffusion coefficients in porous Zr layer 

For a species in same solution, diffusion coefficient in porous media is a function of that in open 

space solution as 

 
porous openD D




  Eq. 4.46 

where θ is the constrictivity factor, φ is the effective transport-through porosity, τ is the tortuosity 

factor. In our model, we set that  

 
porous d msD k D  Eq. 4.47 

It is reasonable considering these parameters above are unknown to us 

 

4.3.4 Diffusion coefficient in liquid cadmium  

Zhang et al. [160] reported the diffusion coefficient of U in Cd in the form of  

 4 17100
2.160 10 exp( )Cd

UD
RT

    Eq. 4.48 

Diffusion coefficient of Pu was evaluated by Murakami et al. [161] 

 4 19122
1.67 10 exp( ), 723 823 KCd

PuD
RT

     Eq. 4.49 

Murakami et al. [162] measured the diffusion coefficients of Gd and La  

 5 14703
3.739 10 exp( ), 723 823 KCd

GdD
RT

     Eq. 4.50 

 4 28712
2.23 10 exp( ), 723 823 KCd

LaD
RT

     Eq. 4.51 

No values of diffusion coefficients were found for Zr, Am, or Ce. Values of Zr and Am were taken 

as the same with U in the calculation. Ce was assumed to have the same values as Gd. 

 

4.3.5 Apparent potential in LiCl-KCl molten salt 

The apparent potentials of U and Pu were taken from the present calculation. They are changing 

with the concentration. The potential of other elements were treated as constant considering the 

scarcity of data and low concentration in the electrolyte. The potential of Am was taken from 

results by Serp et al. [158].  They gave the correlation as 
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 4

2( . / ) 3.2331 4.4048 10 , 722 823 KAmE vs Cl Cl T       Eq. 4.52 
Caravaca et al. [163] reported the apparent potential of Gd in LiCl-KCl molten salt to be 

 4

2( . / ) 3.5204 6.7023 10 , 723 873 KGdE vs Cl Cl T       Eq. 4.53 
Based previous sources, Zhang [105] obtained the correlation of  

 4

2( . / ) 3.575 6.064 10 , 650 870 KLaE vs Cl Cl T       Eq. 4.54 
Marsden et al. [159] measured the apparent potential of Ce as  

 4

2( . / ) 3.5338 5.923 10 , 673 973 KCeE vs Cl Cl T       Eq. 4.55 
Very few studies were reported about the apparent potential of Zr(IV). Only four values at 773 K 

were found from the references [68,149,154], namely -2.08, -2.20 V vs. Cl2/Cl- and -0.838, -0.85 

V vs. 1wt% Ag/AgCl. The average value was used in the calculation.  

 

4.3.6 Exchange current in on solid and liquid electrode  

For liquid electrode, exchange current has the expression of 

 (1 )

0 0

b b

O Rj nFk C C   Eq. 4.56 
For solid electrode 

 (1 )

0 0

b

Oj nFk C   Eq. 4.57 
In the calculation, all the electron transfer coefficients, α, were assumed as 0.5. Thus the only 

unknown parameter is k0, which is different for different electrodes and species. After being 

validated by one literature result, k0 of U, Pu, Zr on solid and liquid electrodes were obtained. All 

other k0 was derived by setting them as the same with U 

 

4.3.7 Mass transfer coefficient in molten salt and liquid cadmium  

The mass transfer coefficient determines the limiting current one species can support. Generally, 

the electrolyte and liquid electrode will be stirred, and the solid electrode will be rotated to 

strengthen the mass transfer rate in the experiments. The most common relation used for cylinder 

electrode is the Eisenburg equation [164] 

 0.7 0.3 0.344 0.6440.0791K U d v D   Eq. 4.58 
where U is the flow velocity (U=πdw), d is the electrode diameter, v is the kinematic viscosity of 

the molten salt (v=μ/ρ), μ is the dynamic viscosity. It can be concluded that for the same flow 

conditions and electrode, mass transfer coefficient of a species is proportional to
0.644D . Previous 

models setting the same Nernst diffusion layers for all the species seems to be unreasonable 

[62,149]. Because  

 D
K


  Eq. 4.59 
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where δ is the Nernst diffusion layer. The same Nernst diffusion layer indicates the mass transfer 

coefficient is proportional to D. Even though previous studies showed that the solute concentration 

effected the dynamic viscosity of molten salt [103], here we only considered it to be a function of 

temperature due to lack of the data. Zhang [147] reported the correlations for the dynamic viscosity 

of LiCl-KCl and Cd as 

 4 20926.3
[ / ( )] 8.61 10 exp( )ms g cm s

RT
     Eq. 4.60 

 10900
[ / ( )] 0.003exp( )Cd g cm s

RT
    Eq. 4.61 

For the application of the model to seven species, the mass transfer coefficient of other species 

was derived from that of uranium via below equation [164], which was applied to both molten salt 

and Cd. 

 0.644( )i
i U

U

D
K K

D
  Eq. 4.62 

Once given the flow conditions, mass transfer coefficient for every species can be calculated 

accurately. 

 

4.3.8 Solubility in eutectic LiCl-KCl molten salt 

The solubility of species and mass transfer coefficient together determine the maximum transport 

rate of a species. Here only the solubility of U, Pu, and Zr were considered because concentrations 

of other species in electrolyte were very low, they can rarely reach their solubility. Solubility can 

be derived from the phase diagrams. Thermodynamic assessment of LiCl-KCl-UCl3 system has 

been reported previously [118]. According to the optimized results, the liquidus projections of the 

system at 773, 823, and 873 K are plotted in Figure 4.2. The red line indicates the eutectic LiCl-

KCl composition (mol% LiCl: mol% KCl=0.586:0.414). The black dots stand for the composition 

where UCl3 starts to be precipitated and represent UCl3 solubility limits at different temperatures. 

Table 4.1 lists the mole fractions of UCl3 at these points. Generally, solubility in mole fraction can 

be correlated with the temperature as [165] 

 
3

( )UCl

B
log S A

T
   Eq. 4.63 
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Figure 4.2. Liquidus projection of LiCl-KCl-UCl3 system with temperatures of 773, 823, 873 K 

[118] 

 

Table 4.1. UCl3 solubility at different temperatures 

Temperature (K) 773 823 873 

Mole fraction 0.394 0.427 0.462 
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Figure 4.3. Correlation before solubility and temperature 

 

Figure 4.3 shows that solubility of UCl3 in LiCl-KCl-UCl3 can be expressed by  

 
3

466.14
( ) 0.1980UCllog S

T
   Eq. 4.64 

The solubility of PuCl3 in LiCl-KCl has been calculated from the phase diagram assessment in 

chapter 2, which gives 

 
3

478.37
( ) 0.2415PuCllog S

T
   Eq. 4.65 

LiCl-KCl-ZrCl4 phase diagram has not been assessed but its solubility was reported to be 0.013 in 

mole fraction at 773 K [166]. 

 

4.3.9 Activity coefficient, solubility, compounds formed in Cd 

According to Eq. 4.32, activity coefficients of elements in liquid Cd have to be obtained in order 

to calculate their formal potentials. Murakami et al. [167] measured the activity coefficient of Zr 

in Cd from 723 to 784 K and reported a value of 0.51 at 773 K. Activity coefficients of other 

elements were compiled by Zhang [160]. When an element reaches its solubility, its concentration 

will keep constant and other elements’ concentration may increase if they are not saturated due to 

the decrease of Cd to form the compounds. The activity coefficients, solubility, and compounds 

formed of these elements concerned in present study are listed is Table 4.2 
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Table 4.2. Activity coefficients, solubility, and the compounds formed when elements reach their 

solubility at 773 K [160] 
Element Activity coefficient Solubility (at%) Compound 

Zr [167] 0.51 0.24 wt% (0.296 at%) Cd2Zr (ZrCd2) 

U 89 1.11 U (UCd0) 

Pu 2.34×10-4 1.86 PuCd6 

Am 8.00×10-5 0.029 AmCd6 

Gd 4.40×10-7 1.38 GdCd6 

Ce 9.19×10-9 0.60 CeCd11 

La 3.36×10-9 0.322 LaCd11 

 

4.3.10 Activity of U in porous Zr 

The previous studies of the dissolution of U-Zr alloy reported that a small amount of U remained 

in the porous Zr even after electrorefining of about two days [168]. Therefore, the activity of U 

was approximated to compensate for the effects. An approximation of exponential decrease from 

previous diffusion model [149] was selected to describe the activity. Actually, the remaining U in 

porous Zr layer was not simulated. The activity approximation was more like a virtual 

compensation to reflect the experimental phenomenon.  

 _[ ] porous ZrgL
a U f e


   Eq. 4.66 

where f and g are the parameters. The activity coefficient of Zr is taken a one. 

All the simulations were running at the temperature of 773 K. All these parameters used in the 

simulation are summarized in Table 4.3. 

 

Table 4.3. Parameters used in the simulation 
Molten salt and Cd 

Parameter Eutectic LiCl-KCl Liquid Cd 

ρ (g/cm3) 1.5575 7.4446 

μ (g/(cmˑs)) 0.0223 0.0164 

Elements in salt and Cd 

 Zr U Pu Am Gd Ce La 

Dms ×106(cm2/s) 11.31 10.2 11.22 16.29 7.54 15.12 20.25 

DCd ×106(cm2/s) 15.1 15.1 8.52 15.1 3.79 3.79 2.56 
ap

msE  (V vs. 

Ag/AgCl) 

-0.88 * * -1.6585 -1.7681 -1.8418 -1.8720 

Solubility in 

molten salt 

(mol%) 

0.013 39.4 41.5 - - - - 
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Solubility in Cd 

(mol%) 

0.296 1.11 1.86 0.029 1.38 0.60 0.322 

γ in Cd 0.51 89 2.34×10-4 8.00×10-5 4.40×10-7 9.19×10-9 3.36×10-9 

* Data used in from present calculation, they vary with concentration 

 

4.4 Model validation 

Because of scarce amount of data for the experiments from liquid cadmium anode to liquid 

cadmium cathode, the model was only validated in three cases, including liquid cadmium anode 

to solid cathode, solid anode to liquid cadmium cathode, and solid anode to solid cathode.  

 

4.4.1 Liquid anode to solid cathode 

Transport of the liquid anode to solid cathode was validated by the experiments carried out by 

Tomczuk [169] in ANL to study the behaviors of U and Pu. Table 4.4 lists the conditions for the 

experiments 

 

Table 4.4. Conditions for the experiments [169] 
Parameters  Parameters  

T (K) 773 Current (A) 1.5 

Molten salt volume (cm3)  1868 Molten salt weight (g)  3023 

Cadmium volume (cm3) 2049 Cadmium wight (g) 16500 

Initial U in molten salt (wt%)  1.61

 

Initial U in Cd (wt%)  1.01 

Initial Pu in molten salt (wt%) 1.82

 

Initial Pu in Cd (wt%)  0.59 

Anode area (cm2) 83.4  Cathode area (cm2) 181.5  

 

This experiment is the only one found in the literature to have potential change as well as the 

composition changes in anode, electrolyte, and cathode with time. The rate constants of U and Pu 

on the solid and liquid electrodes were fitted and used in the remaining simulation.  For a parameter 

vector  

 
1 2 3[ , , , ..., ]np p p pp  Eq. 4.67 

Then the squared residuals could be expressed in terms of this vector 

 
2

1

( ) [ ( ) exp ]
l

i i

i

S sim


 p p  Eq. 4.68 

where l is the number of the experimental data points. The nonlinear least squares algorithm of 

Trust Region [170] was used to search the n-dimensional parameter space to find the optimum 

values that minimized the squared residuals. Figure 4.4 to Figure 4.7 shows the comparison of 

simulation results with experimental data. The results show the model predicts the material 
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distribution in electrorefining cell very well. The small mismatch can be due to current applied 

since in the experiment, the author just mentioned the applied current is 1-2 A but did not present 

the exact current pattern. In the molten salt, weight percent of U decreased because only U 

gradually deposited on the solid cathode initially. The increase of Pu in molten salt was due to the 

supplement from the anode. Because of their close redox potentials, basically U and Pu were 

oxidized at the same time from liquid cadmium anode, which explains their decreases in the anode. 

Figure 4.6 shows that Pu would not deposit until 48 hours, which is corresponding to the step 

increase of the cell potential.  

 

 
Figure 4.4. Weight percent of U and Pu in LiCl-KCl molten salt electrolyte 

 

 
Figure 4.5. Weight percent of U and Pu in liquid cadmium cathode 
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Figure 4.6. Amount of U and Pu deposited on the solid cathode 

 

 

 
Figure 4.7. Cell potential of the electrorefining cell 
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0,

ms

UK (cm/s) 
0,

ms

PuK (cm/s) 
0,

Cd

UK (cm/s) 
0,

Cd

PuK (cm/s) 

7.0e-3 5.4e-3 5.03e-3 5.03e-3 

 

Table 4.5 shows the fitting results of the rate constants of U and Pu on solid and liquid electrodes 

as well as the mass transfer coefficients in molten salt and liquid cadmium. Then according to the 

Eq. 4.8, Exchange currents of U and Pu at solid and liquid cadmium electrode can be evaluated. 

Figure 4.8 shows the comparison of the exchange current of U on the solid electrode from the 

present simulation and literature. It can be observed that present results agree well with the 

literature data. The result is not a straight line because α was not equal to 0 but 0.5 in the present 

simulation. Figure 4.9 shows the exchange current of Pu on the solid. It follows the same trend 

with U but is an order of magnitude smaller. No reported values are found to compare with. For 

the exchange current on the liquid cadmium electrode, both the concentrations of oxidant of 

reductant are well defined. The exchange current is 

 
(1 )

0 0

b b

O Rj nFk C C   Eq. 69 

where the concentration is the value at the equilibrium. Here the exchange current on the liquid 

electrode is not reported because given an oxidant concentration in molten salt, the activity 

coefficient of CdCl2 needs to know to calculate 
b

RC  at equilibrium [171]. To our knowledge, the 

value has not been measured in literature. However, once one has the value, the exchange current 

is ready to be calculated with the rate constants obtained in this study.  

 

 

 
Figure 4.8. Comparison of exchange current of U on the solid cathode with literature [51-54] 
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Figure 4.9. Exchange current of Pu on the solid electrode at 773 K 

 

 

4.4.2 Solid used fuel anode to solid cathode 

The experiment result was taken from the work by Koyama et al. [150]. In the run #4, they used 

unirradiated metal alloy fuel of U-20Pu-10Zr as the anode and solid steel as the cathode. Its density 

was assumed as the same with that of U-19Pu-10Zr, which is 15.9 g/cm3 [149]. The diameter of 

the cylinder was stated as 0.48 cm by other researchers [149], which yielded a length of 3.34 cm. 

The molar volumes were calculated as 21.39, 76.75, 57.37 cm3/mol for U, Pu, and Zr, respectively, 

in the alloy. The electrorefiner conditions in the study are shown in Table 4.6. Table 4.7 shows the 

mass transfer coefficient of U and other parameters used to have a good agreement with the 

experiments. Mass transfer coefficients of Pu and Zr were restricted by Eq. 4.62.  f, g, and kd were 

not changing in other simulations but mass transfer coefficients did change due to different flow 

conditions in different experiments.  

 

Table 4.6. Conditions in run #4 [150] 
UPuZr charged 9.6 g Current 0.4 A Quantity of electricity 8680 C 

Cathode diameter 1.8 cm Cathode length 8 cm Molten salt 1000 g 

Initial composition of U, Pu, and Zr in molten salt (wt%) 

U 0.73 Pu 3.1 Zr 0.003 
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Table 4.7. Parameters by trial and error method 
a

UK  (cm/s) 2.00×10-4 c

UK (cm/s) 7.8×10-3 

s

Zrk  (cm/s) 2.2×10-7 f 6×10-6 

g (cm-1) 10000 kd 2.6×10-2 

 

Figure 4.10 shows the comparison of anode potential, which indicates the simulation results agree 

well with the experimental data. There are two plateaus for the anode potential. The fluctuation 

between them in experiments can be caused by the non-uniform porous layer during 

electrorefining. The first plateau corresponds to the dissolution of U and Pu. The sudden increase 

to another one represents the beginning dissolution of Zr, which can be taken from Figure 4.11, 

Figure 4.12, and Figure 4.13. Figure 4.11 shows U and Pu co-dissolved from the anode initially. 

After passing around 850 C, Zr started to dissolve. The thickness of porous Zr grew with the 

dissolution of U and Pu but decreased after Zr dominated the dissolution, as shown in Figure 4.12. 

Figure 4.13 shows the current almost kept constant before around 850 C and after around 2000 C. 

The later one can be due to the solubility limits of actinides at the surface of the undissolved alloy.  

 

 
Figure 4.10. Anode and cathode potentials 
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Figure 4.11. Weight dissolved from anode 

 

 
Figure 4.12. Thickness of porous Zr and diameter of remaining alloy 
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Figure 4.13. Anode current of each element 

 

Table 4.8 lists the comparisons of the amount of U, Pu, and Zr in the electrolyte and solid cathode 

at the end of the experiments and simulation. It shows that the data of U and Pu agree quite well 

with each other while Zr in the electrolyte was overestimated. It makes sense when considering 

low concentration is hard to be detected accurately. Figure 4.14 shows an increase of Pu and 

decrease of U in electrolyte because while both U and Pu dissolved from anode, the U dominated 

the deposition on the cathode. Also, Figure 4.15 and Figure 4.16 shows Zr co-deposited with U 

due to its high redox potential but low concentration in the electrolyte and no Pu was found on the 

cathode, which corresponds to the flat cathode potential in Figure 4.10. Considering the material 

balance, there should be some Zr reduced on the cathode in experiments even though it was not 

determined because Zr dissolved from the anode while its final concentration in electrolyte 

decreased.  

 

Table 4.8. Amount of elements in electrolyte and cathode at the end of experiments and 

simulation 

  Experiments Simulation 

Electrolyte U (wt%) 0.45 0.51 

Pu (wt%) 3.3 3.22 

Zr (wt%) 0.001 0.033 

Cathode U (g) 6.8 6.28 

Pu (g) <0.01 0 

Zr (g) Not determined 0.248 
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Figure 4.14. Concentration in the molten salt, markers represent the final concentrations of the 

species in experiments denoted by the line with the same color. 

 

 
Figure 4.15. Cathode current of each element 

 

0

0.5

1

1.5

2

2.5

3

3.5

0 2000 4000 6000 8000 10000

w
t%

Charge passed (C)

U

Pu

Zr

0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4

0.45

0 2000 4000 6000 8000 10000

C
u

rr
en

t 
(A

)

Charge passed (C)

U

Pu

Zr



 
 

106 
 

 
Figure 4.16. Weight deposited on the cathode, markers represent the final concentrations of the 

species in experiments denoted by the line with the same color. 

 

4.4.3 Solid used fuel anode to liquid cadmium cathode 

The transport from the solid anode to liquid cathode was validated by the run #2 carried out by 

Koyama et al. [150]. The experiments conditions are listed in Table 4.9. Table 4.10 shows the 

mass transfer coefficients at the cathode. 

 

Table 4.9. Conditions in run #2 [150] 

UPuZr charged 13.2 g Current 0.4 A Quantity of 

electricity 

8100 

C 

Anode diameter 0.48 

cm 

Cathode 

diameter 

3.5 cm Molten salt 1000 g 

Initial composition of U, Pu, and Zr in molten salt (wt %) 

U 0 Pu 3.5 Zr 0 

 

Table 4.10. Parameters by trial and error method 
,a ms

UK  (cm/s) 1.00×10-3 ,c Cd

UK  (cm/s) 1.11×10-3 

,c ms

UK  (cm/s) 8.30×10-4 Cd

Zrk  (cm/s) 2.30×10-3 

 

Figure 4.17 to Figure 4.24 plot the results from simulation. Figure 4.17 indicates that the potential 

was predicted very well. There is a sudden increase-decrease-increase pattern for the anode 

potential. That is due to the competition between the dissolution of Zr and actinides, which is also 
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shown in Figure 4.20. With the dissolution of Zr, it would deposit on the cathode simultaneously, 

which resulted in an increase in the cathode potential, as is shown in the tail of the plot in Figure 

4.17. The pattern changes of the anode and cathode currents at the beginning and end shown in 

Figure 4.20 and Figure 4.22 are due to the fact that the current applied is 0.3 A but not 0.4 A during 

that period in the experiment.  

 

 
Figure 4.17. Anode and cathode potentials 

 

 
Figure 4.18. Weight dissolved from anode 
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Figure 4.19. Thickness of porous Zr and diameter of remaining alloy 

 

 
Figure 4.20. Anode current of each element 
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exceeded its solubility, as is shown in Figure 4.25. The concentration of Pu kept constant after its 

saturation, which should be taken into account in any simulation.  

 

Table 4.11. Amount of elements in electrolyte and cathode at the end of experiments and 

simulation 

  Experiments Simulation 

Electrolyte U  (wt%) 0.19 0.46 

Pu (wt%) 3.4 3.09 

Zr (wt%) 0 0.002 

Cathode U (wt%) 0.62 0.63 

Pu (wt%) 6.0  6.14 

Zr (wt%) 0.003 0.001 

 

 
Figure 4.21. Concentration in the molten salt, markers represent the final concentrations of the 

species in experiments denoted by the line with the same color. 
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Figure 4.22. Cathode current of each element 

 

 
Figure 4.23. Weight deposited on the cathode 
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Figure 4.24. Weight percent in the cathode, markers represent the final concentrations of the 

species in experiments denoted by the line with the same color. 

 

 
Figure 4.25. Concentrations of elements in liquid cadmium cathode 
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and rare earth drawdown processes to investigate its performance under different conditions. Here 

all the anodes were solid used fuel anodes because they are the most ready-to-use form after the 

fuel is discharged from the fast reactor or obtained by reducing the fuel from LWR. Seven species, 

namely Zr, U, Pu, Am, Gd, Ce, and La were considered. Their composition in used fuel is shown 

in Table 4.12 in accordance to their composition in EBR-II used driver fuel shown in Ref. 47. The 

Am was set to 0.5 wt% here.  

 

Table 4.12. Composition used in this study 
Elements Zr U Pu Am Gd Ce La 

wt% 10.81 80.60 0.413 0.5 0.005 0.542 0.284 

 

4.5.1 Solid anode to solid cathode   

The transport from the solid anode to solid cathode has been studied in the last section. However, 

Zr would be dissolved from the anode and deposit on the cathode, which needs to be avoided. Here 

the emphasis was placed on the behavior of Pu and how to avoid the dissolution of Zr. Table 4.13 

shows the conditions applied. When the applied current is 0.4 A, the limiting concentration of U 

to support the current alone can be calculated by 

 
,lim

,

ms

U c

U ms c

i
C

nFK A
  Eq. 4.70 

 

which is 3.67×10-5 mol/cm2 (0.557 wt%). Therefore, basically, two sets of initial concentration of 

U and Pu at molten salt, namely 0.6 wt% and 0, 0.6 wt% and 6 wt%, respectively, were set to study 

whether Pu deposits with U up to a high Pu/U of 10. Recall Eq. 4.58 and Eq. 4.62, the mass transfer 

coefficients of other elements can be calculated based the value of U by 

 0.644( )i
i U

U

D
K K

D
  Eq. 4.71 

According to the optimized results in Table 4.7, mass transfer coefficients of other elements at 

anode and cathode are listed in Table 4.14 

 

Table 4.13. Conditions of electrorefining  
anode charged 9.6 g Current 0.4 A time 9.7 h 

Cathode diameter 1.8 cm Cathode length 8 cm Molten 

salt 

1000 g 

Initial U in molten salt  0.6 wt% Initial Pu in molten salt 0/6 wt%   
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Table 4.14. Mass transfer coefficients of elements concerned 
Elements Zr U Pu Am Gd Ce La 

Ka ×104  (cm/s) 2.14 2.00 2.13 2.70 1.65 2.58 3.11 

Kc ×104  (cm/s) 8.41 7.87 8.37 10.60 6.48 10.10 12.20 

 

For the first set of initial composition, Figure 4.26 plots the anode current. During the simulation, 

Zr started to dissolve after about half an hour and all other elements dissolved with U from the 

beginning. However, as Figure 4.27 shows, only U deposited on the cathode initially and then it 

co-deposited with Zr after the dissolution of Zr from the anode. Even Pu, whose potential is closest 

to U, did not deposit. Elements except U were accumulated in molten salt as Figure 4.28. Figure 

4.29 shows the deposition amounts on the solid cathode. Figure 4.30 is the anode and cathode 

potentials. The gradual increase of the anode potential at the end of the plot is because of 

exhausting of metal materials in the anode and more positive potential was needed to drive the 

reaction.  

 

 
Figure 4.26. Anode current 
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Figure 4.27. Cathode current 

 

 

 
Figure 4.28. Concentration in molten salt electrolyte 
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Figure 4.29. Deposition of species on the solid cathode 

 

 
Figure 4.30. Anode and cathode potential 

 

When the initial electrolyte included 0.6 wt% U and 6 wt% Pu, the results were pretty similar. 

There was still only U and Zr depositing on the solid cathode electrode, as is indicated by their 

cathode current in Figure 4.31. 
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Figure 4.31. Cathode current with initial concentrations of U and Pu in LiCl-KCl molten salt is 

0.6 wt% and 6 wt%, respectively.  

 

Now the problem is that Zr would be dissolved from the anode. As is shown in Figure 4.32, Zr 

was exhausting simultaneously with U, which would inevitably result in the deposition of Zr on 

the solid cathode due to its high redox potential. 

 

 
Figure 4.32. Zr and U dissolved percentage with initial concentrations of U and Pu in LiCl-KCl 

molten salt is 0.6 wt% and 0 respectively.  
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One of the methods to avoid this is to use the stepwise current. Whenever Zr needs to dissolve to 

compensate for the current, the current is decreased by a factor (dc) and kept constant until to next 

decrease, i.e.  

 
1 0( ) (1 ) ( )ci t d i t   Eq. 4.72 

For the initial composition with only 0.6 wt% U in LiCl-KCl, the stepwise current was applied by 

decreasing 10% each time just before Zr started to dissolve. Figure 4.33 and Figure 4.34 show the 

anode and cathode current, respectively, which indicates Zr did not dissolve from the anode and 

only U deposited on the cathode. The pattern of applied current should be the same with the 

cathode current. Both the anode and cathode currents decrease stepwise. Figure 4.35 plots the 

composition changes in the LiCl-KCl molten salt electrolyte. There was no Zr in the molten salt. 

And the concentration of U should decrease because U supported all the current in cathode while 

only part of the current in anode.  

 

 
Figure 4.33. Anode current 
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Figure 4.34. Cathode current 

        

 
Figure 4.35. Weight percent of species in LiCl-KCl electrolyte 
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Figure 4.36. Anode and cathode potentials 

 

Figure 4.36 plots the anode and cathode potentials. Both anode and cathode potentials almost keep 

constant because of no dissolution or deposition of Zr. It can be easily imagined that a smaller 

decreasing factor will yield a larger average current and shorten the time needed to dissolve all the 

U. However, a smaller decreasing factor will require more frequent decreases to avoid the 

dissolution of Zr, which may be too complicated and hard to control. Four decreasing factors, 

namely 5%, 10%, 15%, and 20% were tested to dissolve 99% U in the anode. Figure 4.37 and 

Figure 4.38 show the time needed to dissolve 99% U and current decreasing frequency during the 

dissolution, respectively under different decreasing factors. It can be observed that the time needed 

approximately increases linearly with the decreasing factor. And the decreasing frequency 

decreases rapidly at small decreasing factor but slowly at large decreasing factor. Basically, the 

smallest decreasing factor that can be controlled should be selected in practice to increase the 

transport efficiency.  
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Figure 4.37. Time needed to dissolve 99% U using different decreasing factor 

 

 
Figure 4.38. Current decreasing frequency to dissolve 99% U using different decreasing factors 
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Generally, the solid cathode electrode is switched to a liquid cadmium one when Pu is accumulated 

to a designated concentration, for example, 3 wt% in the electrolyte, to reduce the Pu with other 

elements. Table 4.15 shows the conditions applied in this study.  Two cadmium masses were used, 
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deposition behaviors. Table 4.16 lists the mass transfer coefficients for all of the elements based 

on the value of U obtained in the model validation and Eq. 4.71.  

 

Table 4.15. Conditions of electrorefining  
anode charged 13.2  g Current 0.4 A time 5 h 

Cathode diameter 3.5 cm Cadmium mass/g 100/1000  Molten salt/g 1000  

Initial U in molten 

salt  

0.6/1.5 

wt% 

Initial Pu in molten salt 3 wt%   

 

Table 4.16. Mass transfer coefficients of elements concerned 
Elements Zr U Pu Am Gd Ce La 

a

msK   ×104 (cm/s) 10.69 10.00 10.63 13.52 8.23 12.89 15.55 

c

msK ×104 (cm/s) 8.87 8.30 8.82 11.22 6.83 10.69 12.91 

c

CdK ×104 (cm/s) 11.10 11.10 7.69 11.10 4.56 4.56 3.54 

 

Figure 4.39 plots the anode current during the dissolution. Zr would dissolve into molten salt since 

the decreasing factor was not applied. It should be noted from Figure 4.40 all the elements 

deposited into liquid cadmium cathode due to their close redox potentials, which is different from 

their behaviors on a solid cathode. U and Pu were the main products and constituted more than 

99.5% of the deposition as is shown in Figure 4.41. U and Pu showed a final concentration of 1.44 

wt% and 3.64 wt%, respectively, which both exceed their solubility (solubility is 1.11 wt% and 

1.86 wt% for U and Pu, respectively). Figure 4.42 shows the anode and cathode potentials. When 

1000 g Cd was applied to the simulation, the behavior of the dissolution and deposition was pretty 

similar. Figure 4.43 shows the deposition amount of U and Pu in saturated and unsaturated Cd. 

Slightly more Pu while less U was deposited into unsaturated Cd. The depositions for Pu and U in 

saturated and unsaturated cadmium were 3.83 g, 3.86 g and 1.52 g and 1.50 g, respectively. The 

difference can be larger when more UNF is loaded in anode. Avoiding the saturation helps the 

deposition of Pu to some degree. When 1.5 wt% U and 3 wt% Pu in the electrolyte were used for 

the initial conditions, the deposition still included more than 99.5% U and Pu. However, U 

increased while Pu decreased significantly, as plotted in Figure 4.44. Before switching to the liquid 

electrode, U concentration should be kept as low as possible to deposit out more Pu. As is discussed 

in the last section, U concentration could be kept just above the concentration needed to support 

the current when using the solid cathode due to the large gaps between the redox potentials of 

elements on the solid cathode. And the best method for this step is using inert anode to conduct 

electrolysis. 
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Figure 4.39. Anode current 

 

 
Figure 4.40. Cathode current 
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Figure 4.41. Weight percent of elements in liquid cadmium cathode.  

 

 
Figure 4.42. Anode and cathode potential  
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Figure 4.43. Deposition of U and Pu into saturated and unsaturated Cd  

 

 
Figure 4.44. Deposition of U and Pu into unsaturated Cd with two different initial conditions, i.e 

0.6 wt% U and 1.5 wt% U 

 

4.5.3 Actinide and rare earth drawdown  
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The current can be applied. However due to the lack of supply from the anode when doing the 

electrolysis, the current may need to be adjusted continuously to make sure it can be supported by 

the ions. Here studies mainly focused on the potential control of applying a constant potential. The 

initial concentrations of U and Pu were set to 0.6 wt% and 1 wt%, respectively. Concentrations of 

other element were set according to their ratios to Pu in EBR used driver fuel (The composition of 

Am in fuel was set to 0.5%). The composition is listed in Table 4.17. Their equilibrium potentials 

under these conditions are listed in Table 4.18. But considering the overpotential, a more negative 

potential than its equilibrium potential is needed to deposit an element out.  

 

Table 4.17. Initial composition of LiCl-KCl electrolyte before electrolysis 
Elements U Pu Am Gd Ce La 

wt% 0.6 1.0 1.211 0.012 1.312 0.688 

 

Table 4.18. Equilibrium potential corresponding to the initial composition 
Elements U Pu Am Gd Ce La 

Eeq (V vs. Ag/AgCl) -1.405 -1.704 -1.853 -1.990 -1.957 -2.002 

 

A potential of -2.1 V was tested first. Figure 4.45 shows the current of each species, which 

decreases with time. Figure 4.46 and Figure 4.47 plot the deposition amount on the cathode and 

composition changes in the electrolyte. Figure 4.48 shows the separation factor, which is defined 

to be the percentage of an element removed from the molten salt. Almost all of the U and Pu were 

deposited out. Around 98% of Am was reduced. However, the product included large amounts of 

rare earth elements. The redox potential of Am is next to these of rare earth elements, if it is 

decontaminated in a high degree, the rare earth will inevitably be reduced simultaneously. 
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Figure 4.45. Current of each species 

 

 
Figure 4.46. Deposition on the cathode 

 

 
Figure 4.47. Concentration in molten salt electrolyte 
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Figure 4.48. Separation factor 

 

 
Figure 4.49. Separation factor at different potentials 
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Figure 4.50. Deposition product composition 

 

Figure 4.49 and Figure 4.50 plot the separation factors and deposition product composition at 

different applied potentials. It indicates that without the deposition of lanthanides, Am could only 

have a separation factor of around 82% under current conditions. More Am is separated; more 

lanthanide would be in the product. After the decontamination of actinide, apply a potential just 

above the redox potential of Li+/Li (-2.38 vs. Ag/AgCl [172]), all the lanthanides could be 

deposited out, as shown in Figure 4.51 
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  Figure 4.51. Separation factor of lanthanides when applying a potential of -2.38 V 

 

4.5.4 Integrated model construction and case study 

The final objective is to construct an integrated model for safeguarding the pyroprocessing facility. 

Figure 4.52 shows the schematic flow of the model, which mainly includes U deposition on a solid 

cathode, U/TRU separation into the liquid cathode, actinide and rare earth drawdown processes.  

Initially, the electrolyte composition, anode and cathode properties, current applied, flow 

conditions, and fundamental data are provided to conduct the electrorefining of depositing U on a 

solid electrode. Different criteria can be used to switch the solid electrode to liquid cadmium 

electrode for the U/TRU separation, i.e. cycle number and PuCl3 concentration. One cycle number 

stands for the exhaustion of U in one anode basket. After the decontamination of the majority of 

the U and Pu, the molten salt is electrolyzed to draw down the remaining actinides. An applied 

potential or required separation factors need to be provided in this step due to incomplete 

separation of Am without deposition of rare earth elements. Finally, the rare earth elements are 

collected by applying a negative enough potential following the removal of the actinides. 

Basically, the output from the last step is used as the input of next one. During all the simulations, 

essentially, dissolution fraction of the anode, composition changes in the electrolyte and liquid 

cadmium, deposition amount in the cathode, anode and cathode potential, partial current of each 

element, and separation factors are recorded to be used as the safeguards signatures. When the 

measurements and signals from the processing do not follow the same route as the simulation, an 

alarm is triggered to alert the inspectors to stop the processing and close the material balance to 

detect possible diversions of U and Pu. 
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  Figure 4.52. Schematic flow of the integrated model 
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An example was studied as below. To transport U to the solid cathode, the current was set to 100 A 

and the anode loading contains 250 fuel segments. Each segment was 9.6 g and totally weight was 

2.4 kg. When the concentration of Pu in LiCl-KCl electrolyte reached 3 wt%, the solid cathode 

was switched to liquid cadmium cathode to co-deposit the Pu with other actinides. The process 

was run with three cycles with 100 hours for each cycle to dissolve all the U in the anode.  The 

initial concentration of U was 6 wt% for each cycle. The current was decreased by 5% each time 

when the actinide could not support the current, to avoid the dissolution and deposition of Zr. 

Figure 4.53 and Figure 4.54 shows the anode and cathode current, respectively, in three cycles. 

Only U deposited on the solid cathode by controlling the current as indicated in Figure 4.55. Figure 

4.56 plots the anode and cathode potentials. Basically, they keep almost constant due to the lack 

of dissolution and deposition of Zr. The concentrations of species are shown in Figure 4.57 and 

listed in Table 4.19, which was used as the input when switching to liquid cadmium cathode.  

 

 

 

 
Figure 4.53. Anode current 
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Figure 4.54. Cathode current 

 

 
Figure 4.55. Deposition on the cathode 
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Figure 4.56. Concentration in electrolyte 

 

 
Figure 4.57. Anode and cathode potential 

 

Table 4.19. Concentration of each species in electrolyte after three cycles 
Elements Zr U Pu Am Gd Ce La 

wt% 0 0.855 3.003 3.635 0.036 3.940 2.065 
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For electrorefining using liquid cadmium, according to section 4.5.2, the most efficient method is 

using an inert anode electrode to stop the U supply from the anode so that Pu can be removed 

efficiently. Here all the conditions were set as the section 4.5.2 and the mass of Cd was 1000 g to 

avoid any saturation. The simulation duration was 35 h because of the rapid deposition of Ce after 

that. Figure 4.58 shows the cathode current. It can be observed that the main deposition was the 

Pu, Am, and U, which can also be seen from Figure 4.59. Figure 4.60 plots the concentration of 

each species in the molten salt electrolyte. Figure 4.61 is the cathode potential. It almost kept 

constant because all of the species started to deposit on the cathode at the beginning. Table 4.20 

lists the concentrations of species at the end of the simulation 

 

 
Figure 4.58. Cathode current 
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Figure 4.59. Deposition on the cathode 

 

 
Figure 4.60. Concentration in electrolyte 
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Figure 4.61. Cathode potential 

 

Table 4.20. Concentration of each species in electrolyte after removal of Pu 
Elements Zr U Pu Am Gd Ce La 

wt% 0 0.370 1.312 1.303 0.031 3.834 2.029 

 

The separation factor for each species and the composition of the deposition product are shown in 

Figure 4.62. More than half the actinides were deposited into the liquid cadmium cathode. The 

deposition product was a mixture of actinides and a small amount of lanthanide, which was around 

3 wt% totally.   
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Figure 4.62. Separation factor of each species and the composition of deposition product 

 

Then the molten salt with lanthanides and residue actinides was electrolyzed to draw down the 

actinides first. The applied potential was -2.015 V to maximize the separation of Am and minimize 

the separation of lanthanides. Other conditions were the same as section 4.5.3. Figure 4.63 shows 

the cathode current. Ce but not Gd would deposit with the actinides. That is due to the high 

concentration of Ce, which increases its redox potential. Figure 4.64 and Figure 4.65 give the 

deposition amount at the cathode and concentration in the molten salt electrolyte, respectively. 

Figure 4.66 plots the separation factor of each species and the composition of deposition product. 

All the U and Pu, while only 73 wt% of Am, were separated. The deposition product was 

comprised of 95% actinides and 5% lanthanides. If a more positive potential is applied, actinides 

and lanthanides can each be separated better while more Am will be left in the molten salt. Table 

4.21 lists the concentration of each species after actinide drawdown which was used as the input 

for lanthanide drawdown. 
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Figure 4.63. Cathode current 

 

 
Figure 4.64. Deposition on the cathode  
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Figure 4.65. Concentration in the molten salt electrolyte 

 

 
 Figure 4.66. Separation factor of each species and the composition of deposition product 

 

Table 4.21. Concentration of each species after actinide drawdown 
Elements Zr U Pu Am Gd Ce La 

wt% 0 0 0 0.350 0.031 3.685 2.029 
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 For the lanthanide drawdown, a negative enough potential of -2.38 V, which is just above the 

Li+/Li reduction potential was applied. All other conditions were the same as in the section 4.5.3. 

Figure 4.67 shows the cathode current. Figure 4.68 and Figure 4.69 give the deposition amount on 

the cathode and concentration in the electrolyte. Basically, all the remaining Am, Gd, Ce, and La 

were separated completely from the molten salt.  

 

 
Figure 4.67. Cathode current 
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Figure 4.68. Deposition on the cathode  

 

 
Figure 4.69. Concentration in molten salt electrolyte  
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4.6 Conclusions 

In this chapter, integrating all the previous calculation data, an integrated model was developed to 

predict the electrorefining performance during the pyroprocessing. The model was validated by 

literature data. Then under different cases, the model was used to predict the material transport and 

separation for the electrorefining, actinide and rare earth. In order to avoid dissolution and 

deposition of Zr, stepwise current can be applied. When the cathode is switched to liquid cathode 

from solid cathode, a lower concentration of U and unsaturated Cd benefit the deposition of Pu. 

The most efficient method to remove Pu is using an electrolysis model to stop the supplement of 

U from the anode. In the drawdown process, Am cannot be separated completely without the co-

deposition of lanthanides. All the lanthanides can be decontaminated with a negative potential just 

above Li+/Li reduction potential. The integrated model shows the very promising capability to 

simulate each process in pyroprocessing to provide safeguards signatures.  

 

 

5 Summary and future work 

5.1 Summary 

In the present study, the MD method was applied to calculate the fundamental properties of UCl3 

in eutectic LiCl-KCl molten salt, namely activity coefficient, apparent potential, and diffusion 

coefficient to a high concentration up 3 mol%. Attention was focused on their concentration 

dependence as researchers have seldom addressed this in previous literature. The calculated results 

indicate that the activity coefficient and apparent increased with concentration. The diffusion 

coefficient showed little variation at low concentration but it increased and then decreased with 

higher concentrations, even though the variation of the range of diffusivity was not very 

significant.  

 

In the meantime, properties of the LiCl-KCl-PuCl3 system were evaluated by the CALPHAD 

method. The isotherm sections and liquidus projection of this system were plotted. The solubility 

of PuCl3 was found to be 41.5 mol% at 773 K and its apparent potential also showed a trend of 

increase with the concentration. Our calculation sheds light on the understanding of the elements’ 

behavior in LiCl-KCl molten salt and provides reference data at high concentrations, which will 

benefit the safeguards of pyroprocessing.  

 

Integrating all the calculated results and electrochemical theories, a kinetic model was constructed 

considering the diffusion in the electrolyte, diffusion in anode used fuel, and Faraday process on 

the electrode surface. The model was validated by literature experiments and showed the robust 

ability to predict the material transport in different batches in an electrorefiner. Then under 

different conditions, the model was studied to evaluate the performance of electrorefining, actinide 

drawdown, and rare earth drawdown processes. The results show that for the solid used fuel anode, 
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Zr would co-dissolve with U but a stepwise current could be a method to resolve this problem. 

However, a longer time was needed to dissolve the same quantity of U. And frequent current 

change could bring some technical problems. When using liquid cadmium as the cathode, Pu, U, 

and even lanthanides were inevitably deposited simultaneously into the cathode. The unsaturated 

state of Cd and low initial concentration of U in electrolyte benefit the deposition of Pu. For the 

actinide drawdown, complete separation of Am from the molten salt was impossible without the 

deposition of lanthanides due to its low redox potential. After the actinide drawdown, basically, 

all the lanthanides could be reduced when applying a potential just above the redox potential of 

Li+/Li.  

 

Given the conditions of a pyroprocessing, the model could be run to simulate the separation 

process, based on which, safeguard signatures can be provided to detect any scenario of SNM 

diversion. When the current, potential, and other signals measured have a large discrepancy with 

the predictions of the model, an alert should be given to stop the facility and close the material 

balance.   

 

5.2 Future work 

Some suggestions of future work include investigations on the: 

 Electron transfer coefficients and exchange currents of the elements.  

 Effects of solute concentration on the fundamental data and species interference 

with each other in a multicomponent system. 

 How the anode dissolution limits the material transport 

 Nucleation process during cathode deposition 

 Effect of uranium dendrite on the deposition 
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EXECUTIVE SUMARRY 
 Understanding the characteristics of special nuclear materials in LiCl-KCl eutectic salt is 

extremely important in terms of effective system operation and material accountability for 

safeguarding pyroprocessing technology. By considering that uranium (U) is the most abundant 

and important element in the used nuclear fuel, measurements and analyses of U properties were 

performed in LiCl-KCl eutectic salt. Therefore, the electrochemical techniques such as cyclic 

voltammetry (CV), open circuit potential (OCP), Tafel, linear polarization (LP), and 

electrochemical impedance spectroscopy (EIS) were conducted under different experimental 

conditions to explore the electrochemical, thermodynamic, and kinetic properties of U in LiCl-

KCl eutectic. The ultimate goal of this study was to develop proper methodologies for measuring 

and analyzing the exchange current density (i0) of U3+/U reaction, which has not been fully studied 

and understood in literature.     

 In the preliminary study, cerium (Ce) was selected as a surrogate material for uranium and 

its behavior was being explored with the developments of experimental methods. CV was 

performed to evaluate Ce properties such as the diffusion coefficients (D), apparent standard 

reduction potential (E0*), Gibbs free energy (G), and activity coefficient (). In addition, EIS 

methods were adapted and specific experimental procedures were established for the proper i0 

measurements providing repeatable and reproducible data sets. The i0 values for Ce3+/Ce pair were 

ranging from 0.0076 A cm-2 to 0.016 A cm-2, depending on the experimental conditions. These 

preliminary results give insight in developing the experimental setups and methods to evaluate the 

properties of U in LiCl-KCl.  Plus, Ce is one of the lanthanide (Ln) fission products in 

electrorefiner (ER) system; therefore, the resulting data values yield useful information of the 

fundamental behaviors of Ln elements in the system.  

Based on these developed methodologies, the experimental designs and routines were 

established to explore the main properties (e.g., D, E0*, etc.) of UCl3 in LiCl-KCl eutectic salt 

under different concentrations (0.5 wt% to 4 wt% UCl3) and temperatures (723 K to 798 K). 

Specially, the i0 values of U3+/U were evaluated via EIS, LP, Tafel, and CV methods. All i0 values 

had linear trends with the change of concentration and temperature; however, these values 

measured by LP, Tafel, and CV methods were greatly influenced by the change in electrode surface 

area. Overall, the i0 values agreed within 33% relative error range with the EIS method being the 

most consistent and accurate in comparison to reported literature values. The measured values of 

i0 were ranging from 0.0054 A cm-2 to 0.102 A cm-2. Therefore, an extremely reliable database for 

i0 was provided and it is feasible to anticipate the i0 kinetics in other experimental conditions by 

using the provided equation models. Furthermore, GdCl3 was added to the LiCl-KCl-UCl3 system 

to explore the effects of other elements on the U properties such as the diffusion coefficients, 

thermodynamic properties, and i0 kinetics. The diffusion coefficient was generally decreased by 

12 ~ 35% with addition of GdCl3 in LiCl-KCl-UCl3; however, the apparent standard potentials and 

exchange current density follow the same trends with data obtained without GdCl3 additions. 

Hence, the results indicate that the thermodynamic and kinetic values for U3+/U reaction in LiCl-

KCl eutectic salt are not greatly influenced by the presence of GdCl3. 
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1 Introduction 
Nuclear power produces a significant portion of electricity worldwide nowadays. The 

reported number of commercial nuclear power plants operating in 2014 was 438 with a global 

generating capacity of 376.2 GW(e) [1]. Seventy of reactors were under the construction [1] and 

continuous expansion of nuclear power is expected in the future with increasing demand of energy. 

As the nuclear power production has increased, the management of the used nuclear fuel (UNF) 

became an important issue due to the political, economic, and societal concerns in the nuclear 

industry [2]. The total amount of UNF cumulatively generated worldwide by 2014 was 204,421 

tHM, and it increases from year to year [3]. The used fuel storage capacity in 2014 was 201,722 

tHM and the global reprocessing capacity was only 3,800 tHM/year [3]. Therefore, in terms of 

saving fuel resources and solving the issue of storage capacity, the significance of recovering 

components from the used fuel will continue to grow in the future [2].  

Reprocessing UNF can be more invaluable when it is considered that 96 percent of uranium 

remains after the fuel is permanently removed from reactor, which can be re-used after suitable 

retreatments [2, 4]. Two methods have been widely investigated and implemented for the 

reprocessing of the nuclear fuel, which are referred as aqueous reprocessing and pyroprocessing 

[4]. The aqueous reprocessing utilizes a method known as PUREX (Pu-U recovery extraction), 

which is the most common and well developed technique. In the PUREX process, pure U and Pu 

are separated through chemical adjustments and several cycles of solvent extractions by using 

highly concentrated nitric acid [4, 5, 6]. By experiencing the renaissance of nuclear energy 

worldwide, pure U and Pu productions gave rise to several concerns about proliferation of nuclear 

materials. From the safeguarding aspect of reprocessing UNF, pyroprocessing technology has been 

considered as an alternative method for future reprocessing [2, 4, 6, 7].  

Pyroprocessing was originally developed by the Argonne National Laboratory (ANL) and 

currently is operated at Idaho National Laboratory (INL) to treat used metallic fuels from 

Experimental Breeder Reactor-II (EBR-II) [8-10]. This technology uses molten salt electrolytes as 

a media instead of using acid solutions or organic solvents [4, 9]. In these electrolytes, U, Pu, and 

minor actinides (MAs) can be recovered by electrochemical reduction on cathode electrodes. In 

comparison to the conventional aqueous methods which have superior maturity to date, 

pyroprocessing technology provides the following unique benefits: 1) intrinsic proliferation-

resistant features by Pu recovery as a mixture, 2) compact facilities for fuel recovery and 

fabrication, 3) critically-safe condition for processing high enriched fuel, and 4) rapid on-site 

support for fast reactor fuel cycle [6, 11]. In addition, a low radiation sensitivity of the salt 

electrolyte allows the early reprocessing of UNF after discharge [2], which will minimize the 

chance of a loss of coolant accidents in the spent fuel pool [12]. With these noble features, the 

main purpose of pyroprocessing technology is not only to treat the irradiated nuclear fuels, but to 

reduce volume of the nuclear waste, recycle actinides, and close the fast reactor fuel cycle [13]. 

Therefore, there are considerable ongoing research and development on pyroprocessing 

technologies in many countries [4]. For example, the research teams in South Korea have 

constructed and operated an engineering scale demonstration facility with non-radioactive 
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materials for the purpose of pyroprocessing research [14]. On another aspect, Russia has already 

demonstrated the production of mixed oxide fuels through pyroprocessing technology and plans 

to use the technology for the development of a closed fuel cycle by 2020 [4].   

 

 

1.1 Pyroprocessing 

Pyroprocessing technology, also known as electrochemical process, electrometallurgical 

reprocessing, or pyrochemical technology, has been considered as a promising way to treat 

metal/oxide form of UNF from the nuclear fuel cycle [8-10]. Figure 1.1 illustrates schematically 

the flow sheet of the process [5, 6]. Despite of its original development purpose, oxide form of 

used fuels from light water reactor can also be treated through the head-end process, known as 

electrolytic oxide reduction. In the electrolytic oxide reduction process, the used oxide fuel is 

loaded into a cathode basket in a molten LiCl-Li2O salt at 923 K and chemically reduced into metal 

form by the reaction with Li metal, which is electrochemically deposited on the cathode [15]. In 

2006, INL successfully converted 50 g of the used light water reactor (LWR) fuel into metal form 

in their hot cell facility [16]. Then, the metal fuels are transferred into the anode basket of an 

electrorefiner (ER). While U, Pu, MAs, and rare earth materials are anodically dissolved into the 

LiCl-KCl eutectic salt from the anode basket, only U is recovered on the solid cathode by 

controlling the voltage applied on the cathode. After that, the residual U, Pu, and MAs are 

simultaneously collected by using a liquid cadmium cathode (LCC) due to the fact that activity of 

the elements get very small in liquid metal [17, 18]. The deposits (U and U-Pu-MA mixtures) from 

the cathode electrodes go to the cathode processor. The process is basically in a high temperature 

vacuum furnace where the adhering salt or cadmium are evaporated and pure metal product are 

left [10]. The ingot products from the cathode processor are fabricated into new metal fuel in an 

injection casting furnace [8] which can be used in fast reactors. The electrolyte salt from the ER 

system is recycled by removing actinides through the ion exchange method and the separated 

fission products (Cs, Rb, Sr, Ba, Br, I, Y, Sm, Eu, etc.) are immobilized into ceramic waste forms 

[10]. After operating the ER system, zirconium and noble metal fission products are left in the 

anode basket, which are processed into alloy metal waste form for the disposal [10].  
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1.2 Electrorefiner (ER) 

The ER is the key component in pyroprocessing technology, in which the primary 

separation of U and MAs from fission products is being performed [18, 19]. The system contains 

a LiCl-KCl eutectic salt (44.2 wt% LiCl and 55.8 wt% KCl), and the operating temperature ranges 

from 723 K to 773 K [4]. There are two engineering scale ERs (Mark IV and Mark V) at INL 

(U.S.) which are currently operated to treat the metallic used driver and blanket fuels, respectively, 

from EBR-II [19]. Figure 1.2 shows the drawings of both INL ERs, which have similar size but 

Mark V has an upgraded electrode design [19]. The Mark IV ER has been used to treat the driver 

fuels (highly enriched uranium at about 63% of U-235), whereas Mark V ER treats the blanket 

fuels (which contains depleted uranium) [20]. To date, 830 kg of heavy metals have been processed 

via Mark IV ER and numerous studies have been performed and reported in the literature [19]. 

Technical issues which are currently of concern include current efficiency, uranium recovery 

efficiency, zirconium recovery, and understanding of cadmium effects [19]. 

Here, UNFs are loaded in the anode basket and lowered into the LiCl-KCl molten salt. As 

current is applied through the cell, U metal is oxidized into U3+ ions from the anode basket [19]. 

Fission products, which have more negative redox potential than that of U, are being oxidized 

together (these products are referred as active products) whereas noble metals which have more 

positive redox potential than U stay in the anode basket [19]. The general contents of the driver 

 

Figure 124.1 Schematic flowchart of pyroprocessing based on spent fuel treatment. 
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fuel are summarized in Table 1.1 [21, 22-25]. Therefore, the main goal is to dissolve as much U 

as possible from the used fuels on the anodic side with minimal oxidation of the noble metals into 

the salt [19] and collect uranium metal on the cathode side. Li and Simpson in 2005 [20] reported 

that 99.7 % of U from fission products could be dissolved into the salt over several runs, but it 

caused Zr and noble metal co-dissolution into the salt. Table 1.2 lists the weight percent of 

dissolved fission products into the LiCl-KCl salt from EBR-II used fuel (loaded in anode basket). 

For the cathode electrodes, there are two types of electrode: 1) solid electrode (typically stainless 

steel) and the LCC. By using the solid electrode, selective deposition of pure U is possible by 

controlling the applied potential. On the other hand, reduction potentials of actinide elements 

including Pu and U become very close on the LCC, so that MAs are inevitably recovered along 

with U and Pu into the LCC process [17]. The U has a tendency to be deposited in form of a 

dendrite [18, 19] which prevents the co-deposition of MA on LCC. Therefore, several studies have 

been performed to develop the LCC structures for avoiding dendrite formation on LCC [18, 26, 

27].  Overall, the main reaction schemes in an electrorefiner can be described as follows [28]: 

Anode: U (anode) → U3+ (salt) + 3e−  (1-1) 

Cathode: U3+ (salt) + 3e−  → U (cathode)  (1-2) 

Net reaction: U (anode) → U (cathode)  (1-3) 
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Figure 1.125 Engineering scale electrorefiner at INL Fuel Conditioning Facility, Mark IV (left) 

and Mark V (right) [19]. 
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Table 1.22  Critical used driver fuel composition and equilibrium potential of the elements 

Elements Weight % in the 

used fuel [21] 

E0 (V vs. Ag/AgCl) at 

723 K [22] 

 

Bromine (Br) 0.007 0.920 (723 K)  

 

 

 

 

 

 

 

Noble species 

(remain in 

anode basket) 

Tellurium (Te) 0.112 0.64 (723 K) 

Ruthenium (Ru) 0.407 0.615 (723 K) 

Rhodium (Rh) 0.111 0.526 (723 K) 

Palladium (Pd) 0.090 0.513 (723 K) 

Iodine (I) 0.048 0.473 (723 K) 

Arsenic (As) 0.005 0.283 (723 K) 

Molybdenum (Mo) 0.771 0.119 (723 K) 

Antimony (Sb) 0.004 0.087 (723 K) 

Silver (Ag) 0.004 0.000 (723 K) 

Copper (Cu) 0.003 0.295 (723 K) 

Tin (Sn) 0.015 -0.355 (723 K) 

Niobium (Nb) 0.002 -0.41 (723 K) 

Selenium (Se) 0.019 -0.459 (723 K) 

Cadmium (Cd) 0.007 -0.589 (723 K) 

Vanadium (V) 0.003 -0.806 (723 K) 

Titanium (Ti) 0.077 -1.010 (723 K) 

Zirconium (Zr) 10.81 -1.088 (723 K) 

Europium (Eu) 0.011 -1.471 (773 K) 

Uranium (U) 80.60 -1.496 (723 K)  

 

 

 

 

Active species 

(dissolved into 

the salt) 

Neptunium (Np) 0.041 -1.519 (723K) [23] 

Plutonium (Pu) 0.413 -1.570 (723 K) 

Gadolinium (Gd) 0.005 -2.066 (723 K) 

Neodymium (Nd) 0.930 -2.097 (723 K) 

Yttrium (Y) 0.126 -2.109 (723 K) 

Lanthanum (La) 0.284 -2.126 (723 K) 

Promethium (Pm) 0.011 -2.147 (773 K) 

Cerium (Ce) 0.542 -2.183 (723 K) 

Praseodymium (Pr) 0.269 -2.316 (773 K) 

Sodium (Na) 2.160 -2.5 (723 K) 

Samarium (Sm) 0.177 < -2.5 [24] 

Europium (Eu) 0.011 < -2.5 [25] 
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Table 1.23 The fission product dissolution (wt%) from used EBR-II driver fuel into LiCl-KCl 

salt [19] 

Fission products dissolved into 

the salt 

Weight percent in average 

Uranium (U) 99.72 

Lanthanum (La) 99.74 

Cerium (Ce) 99.67 

Neodynium (Nd) 99.96 

Zirconium (Zr) 87.85 

Technetium (Tc) 23.42 

Molybdenum (Mo) 27.32 

Ruthenium (Ru) 17.92 

 

1.3 Motivation 

As shown in Table 1.1, the used fuel contain a variety of fission products and active fission 

products are dissolved into the salt, which makes the system more complicated and difficult to be 

understood. Since U is the most abundant element in the ER, it is important to understand the 

fundamental properties of U in the salt in terms of effective system operation, and material 

accountability for safeguarding purposes. In these aspects, many studies have been conducted by 

several researchers to determine the electrochemical and kinetic properties of U in the salt. 

However, discrepancies through the literature survey can be observed due to many different 

experimental conditions; therefore, the general trends for the data sets can be hardly found. In 

addition, several properties have not been reported and fully understood due to the difficulty of the 

measurement, such as the exchange current density of U, which is necessary to be understood for 

near real time material detection and development of the kinetic model for pyroprocessing. 

Furthermore, although the LCC in the ER plays an important role in the feasibility of 

pyroprocessing toward non-proliferation characteristic [29], only a few studies had been conducted 

to explore the properties of actinides on LCC in the salt [30-32]. Therefore, more reliable data sets 

of U in the salt system with a variety of experimental conditions are necessary to advance 

fundamental knowledge and gain new data library sets.  

 

1.4 Goal/Outcome 

The primary goal of this NEUP assigned task is to develop the experimental methods to 

evaluate electrochemical and kinetic properties of U in the LiCl-KCl salt based ER. Bench-scaled 

ER system have been developed in argon environment glovebox system. The main focus of this 

project is to perform electrochemical experiments including cyclic voltammetry (CV), open circuit 

potential (OCP), Tafel plot, linear polarization (LP), and electrochemical impedance spectroscopy 

(EIS) techniques for determining the parameters needed for modeling and developing a 
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methodology for safeguards. Specially, the exchange current density (i0) of U/U3+ reaction will be 

intensively explored in LiCl-KCl eutectic salt. While i0 values are necessary for the kinetic models, 

these have not been fully understood in the system. In addition, the electrochemical and kinetic 

behaviors of U will be further examined in multi-component systems, which may occur in the ER. 

The approach in this NEUP study will integrate the measurement of electrochemical data and the 

outcome will identify the various electrochemical and kinetic operating parameters. The resulting 

data base will provide an insight into fundamental understanding and signatures for material 

accountability for the ER process in pyroprocessing technology.  

 

1.5 Approach 

 Three phases have been established in this research study. In phase I, pure argon 

environment (O2/H2O levels < 5 ppm) was established in glovebox systems (RAM I and RAM II) 

for the treatment of the LiCl-KCl salt due to the fact that the salt is extremely hygroscopic and 

corrosive. Experimental setups including furnace, ceramic crucibles, and electrode assemblies 

were prepared in RAM I glovebox. Simultaneously, extensive literature review on fundamental 

properties of U in LiCl-KCl was conducted for understanding trends of the properties from the 

previously established data bases. In addition, the electrochemical techniques were studied for 

better understanding and reliable electrochemical measurements. The main purpose of phase II 

was to develop the experimental methods to determine the fundamental properties by using Ce as 

a surrogate material for U. All methods—CV, EIS, Tafel plot, LP, and OCP—were performed to 

determine the apparent standard potential, diffusion coefficient, exchange current density, and 

Gibbs free energy. The experiments were done at different concentrations (0.5 wt% to 4 wt% in 

LiCl-KCl) and temperatures (698 K to 823 K) in order to establish the data library and to 

understand the physical trends of Ce in LiCl-KCl. The studies focused on assessing the feasibility 

of EIS technique to measure the exchange current density in the salt system. Furthermore, the same 

experiments were carried out on the LCC in order to understand the Ce properties on a liquid 

cathode. A liquid cadmium surface was constructed with a design of an electrode vessel; therefore, 

electrochemical measurements could be performed on the surface. In Phase III, electrochemical 

studies of U were performed in LiCl-KCl salt at various concentrations (ranging from 0.5 wt% to 

4 wt% UCl3) and temperatures (from 723 K to 798 K). Based on the methodologies developed in 

Phase II, the electrochemical and thermodynamic properties of U were evaluated. Additionally, 

the measurement of i0 for U/U3+ reaction was done via EIS, Tafel, LP, and CV methods for building 

reliable data base. Plus, the same measurement procedures were followed to explore the U 

properties in LiCl-KCl-UCl3-GdCl3 salt mixtures. These phases were planned, explored and 

accomplished at Virginia Commonwealth University (VCU) for the 3-year period. Specific 

timeframe is described in Table 1.3.   Other extra studies in support of this project for the extension 

of this project is given in the appendix. 
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Table 1.3 Estimated schedule and timeframe for the present project 

 

Phase 

Year 1 (2014) Year 2 (2015) Year 3 (2016) 

1 2 3 4 1 2 3 4 1 2 3 4 

I             

II             

III             

 

1.6 Organization of the Final Report from the Virginia Commonwealth University 

  This final report is composed of six sections. In Section 2, thermodynamic and kinetic 

properties of uranium reported in the literature are reviewed and discussed. The significance of the 

properties with respect to pyroprocessing applications is pointed out, and methods of the 

electrochemical techniques used in the NEUP study are described in detail. Section 3 contains 

basic information of equipment, experimental setups, and reagents. In addition, procedures for 

electrochemical preparations, sample collections, and sample analysis by inductively coupled 

plasma-mass spectrometry (ICP-MS) are being discussed with step-by-step illustrations. Section 

4 presents the preliminary studies with Ce as a surrogate material for U in LiCl-KCl eutectic salt. 

Two studies are being described in this section: (1) measurements of Ce properties with solid 

cathode and (2) with liquid cadmium cathode. Since each study has different motivations and 

experimental procedures, an additional introductory information and experimental programs are 

briefly highlighted at the beginning of both studies for clarity.  The main goal of this section is to 

develop experimental methods to measure the desired properties; therefore, specific methodologies 

are explained with corresponding equations associating with experimental results of Ce properties. 

Section 5 provides a detailed explanation and experimental procedures including discussion of the 

properties of U in LiCl-KCl eutectic salt under different effects—concentration, temperature, and 

additional species (that is, Gd).  Here, the same experimental methods developed in Section 4 have 

been utilized; hence, discussions of resulting data are more focused in this section. The final 

section (Section 6) summarizes the resulting data sets in the present research and discusses 

necessary future steps. In the Appendix sections, there are extra work and assignments during the 

extension period of this NEUP project.     
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2 Literature Review    

2.1 Molten salt in electrorefining and general electrochemistry 

The advantages of molten salt electrochemistry include high radiation resistance, low 

criticality concern, low vapor pressure, low secondary wastes and high stability [33]. Thus, 

physical, chemical and electrochemical properties of the salts and their interactions with actinides 

and fission products should be considered. Currently, two chloride salt mixtures (LiCl–KCl and 

NaCl–KCl) and two fluoride salt mixtures (BeF2–LiF and CaF2–LiF) have been recognized as 

good candidates for pyroprocessing [34-36]. The compositions of these salts and their melting 

temperatures are given in Table 2-1. LiCl-KCl molten salt is widely selected as a candidate for 

electrorefining system because of its lower melting eutectic temperature. Typically, electrorefining 

system is operated at a temperature ranging between 723 K and 773 K. 

 

Table 2.1 Physical properties of the salt mixtures [34-36] 

Properties LiCl-KCl NaCl-KCl BeF2-LiF CaF2-LiF 

Composition (A-B, Mol % B) 40 50 67 77 

Eutectic melting temperature (K) 623 931 733 1042 

Molar mass (g mol-1) 55.25 66.50 32.89 37.93 

Density at melting point (kg m-3) 1644.6 1604.1 2055.7 2066.8 

Viscosity at melting point (Pa s) 0.2798 0.2128 0.1947 - 

Electrical conductance (S m-1) 63.72 220.07 128.37 624.68 

 

 

2.2 Uranium Studies 

Several researchers previously focused on understanding its electrochemical and kinetic 

behavior of uranium (U) in the molten LiCl-KCl system. The most important parameters are  

 Apparent standard potential (E0*),  

 Activity coefficient (γ),  

 Diffusion coefficient (D), and  

 Exchange current density (i0).  

The values of E0* and D for U have been reported widely by using different electrochemical 

techniques, such as cyclic voltammetry (CV), chronopotentiometry (CP), and open circuit 

potential (OCP) [37-47]. Yet, these data values are scattered due to the fact that these experiments 

have been done under different concentrations, temperatures, and experimental setups and 

environments. Based on the E0* values, several thermodynamic properties can be calculated 

including the Gibbs free energies of UCl3 formations and γ. Specially, only a few researchers 

reported the values of γ, which, however, show wide discrepancy [37, 39, 41]. These issues will 

be further discussed in Section 2.2.1. In addition, the properties have been poorly understood by 
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using LCC electrode, which plays an important role in the electrorefining process. Also, very few 

i0 values are available [48-51], which started to be explored and reported since 2009. Choi et al., 

Ghosh et al., and Rose et al. [48-50] reported the values of i0 at different concentrations (ranging 

from 3 wt % to 5 wt %) at 773 K. Lim et al. in 2016 [51] reported i0 for U at different concentrations 

and temperatures. Yet, there is a lack of understanding in the trend of i0 and a meaningful 

comparison is difficult among the literature studies due to the fact that the data were measured in 

different experimental conditions and scales. Also, none of the authors has mentioned the 

challenge of the electrode area growth during the measurements by using the Tafel or LP methods 

(this concern will be discussed in Section 2.2.3).  

 

2.2.1 Redox process and Apparent Standard Potential (E0*) 

The electrochemical process of U/U3+ reduction-oxidation (which is called “redox”) 

reaction is governed by the Nernst equation exhibiting the equilibrium potential for the reaction 

with respect to temperature and concentrations of oxidant/reductant [52]: 

 
E
U3+/U

eq
= EU3+/U 

0 +
RT

nF
ln (
aUn+

aU
) 

(2-1) 

where E
U3+/U

eq
 is the equilibrium potential between U metal and U3+ ions, EU3+/U

0  is the standard 

reduction potential which is the theoretical potential when the cell is ideally reversible at 

equilibrium states with a solution concentration of 1 mol L-1 at 1 atm and 298 K, R is the universal 

gas constant (8.314 J mol-1K-1), F is the Faraday’s constant (96485 C mol-1), and T is the absolute 

temperature (K). The aU
3+ is the activity of UCl3 which can be expressed by aU3+ = γU3+ × χU3+ 

where γU
3+ is the activity coefficient and χU

3+ is the mole fraction of U. Thus, the equation can be 

expressed using the mole fraction [52]  

 
E
U3+/U

eq
= EU3+/U 

0∗ +
RT

nF
ln (
χU3+

χU
) 

(2-2) 

where EU3+/U 
0∗ is the apparent standard potential (this is often referred as a ‘formal potential’). The 

apparent standard potentials is the function of temperature and activity coefficient; therefore, it 

can be determined by plotting E
U3+/U

eq
 against ln (χU3+). This property gives an insight into the 

reduction potential that the operator will be able to apply for the U recovery in the ER. Therefore, 

several researchers have reported the values of EU3+/U 
0∗

, in which they used different temperatures, 

concentrations, reference electrodes, and experimental methods [37-45], as shown in Figure 2.1. 

The reported data values show good agreement within 50 mV deviation from the average values, 

which are linearly dependent with temperature in general. The result reported by Hoover et al. [42] 

stands at more negative potential compared to the trend; this discrepancy may be due to the fact 

that they measured the E0* at a high concentration range between 1 and 10 wt% of UCl3 in LiCl-

KCl. Typically, the property of E0* is considered as independent of concentration; however, this 

must be experimentally evaluated.   
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 Once the EU3+/U
0∗  values were determined, the thermodynamic properties of UCl3 can be 

further investigated by combining Eq. (2-1) and (2-2); therefore, EU3+/U
0∗  can be defined as   

 
EU3+/U 
0∗ = EU3+/U 

0 +
RT

nF
ln(γU3+) 

(2-3) 

where 𝛾𝑈3+ is the activity coefficient of UCl3 in LiCl-KCl. Since EU3+/U
0  is a theoretical value at 

the aforementioned ideal state, the value does not exist in reality. Therefore, super cooled liquid 

state was commonly considered as ideal as possible in the real system [37, 39, 41], and the Eq. (2-

3) can be re-written by using the basic thermodynamic equation as following, 

 ∆GUCl3
SC − ∆GUCl3 

0∗ = RT ln(γU3+) (2-4) 

where ∆𝐺𝑈𝐶𝑙3 
𝑆𝐶 is the Gibbs free energy at super cooled liquid state. The data for the pure substance 

can be found in several references [37, 53]. If ∆GUCl3 
SC is known, γU3+can be calculated. Figure 2.2 

plots the reported values of 𝛾𝑈3+, showing wide discrepancy up to 101 order of magnitude [37, 39, 

41, 54]. This may be due to the challenges of obtaining ∆GUCl3 
SC from literatures, and calculating 

exponential term (exp (
∆GUCl3

SC −∆GUCl3 
0∗

RT
)). Therefore, sufficient data sets need to be collected in order 

to understand thermodynamic properties of U in the salt system.  
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Figure 2.1 Comparison of the apparent standard potential in LiCl-KCl salt reported by 

various researchers (Note: CV = cyclic voltammetry, CP = chronopotentiometry, and OCP = 

open circuit potential). 
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2.2.2 Diffusion coefficient 

Mass transfer from and to the electrodes in an electrochemical cell can be expressed by 

diffusivity or diffusion coefficient which is constant between molar flux and concentration 

gradient [22].  Its knowledge on UCl3 in LiCl-KCl eutectic melt provides essential data for 

optimization of U electrorefining. The diffusion coefficients of U3+ have been electrochemically 

measured in the salt via CV and CP techniques. Several studies [37, 39, 42, 45-47] have reported 

the values in LiCl-KCl which are plotted in Figure 2.3. The diffusion coefficient is linearly 

dependent to temperature; however, data are scattered, especially at high temperature.  It should 

be noted that the values reported by Masset and co-workers [37] are relatively higher than data 

from other studies. The CP method generally provides higher values than those from CV method. 

Therefore, the values of DU3+ are necessary to be measured and collected in various experimental 

conditions for further comparison and understanding.  
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Figure 2.2 Activity coefficients of UCl3 in LiCl-KCl reported by previous studies. 
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2.2.3 Exchange current density 

Exchange current density (i0) is an important parameter to understand the kinetics of 

electrochemical reactions (U3+/U) on the electrode surface. Additionally, the values are essential 

to the physics-based model used in Butler-Volmer equation which shows fundamental relationship 

between current and overpotential applied on the electrode. The equation can be expressed as  

 
i = i0 ∙ {exp [

αanFη

RT
] − exp [−

αcnFη

RT
]} 

(2-5) 

where i0 is the exchange current density, i is the current,  𝛼𝑎 is the anodic charge transfer 

coefficient, 𝛼𝑐 is the cathodic charge transfer coefficient, and 𝜂 is the activation overpotential. 

There are several methods to measure the value of i0: Tafel plot, linear polarization (LP), and 

electrochemical impedance spectroscopy (EIS). However, the i0 of U3+/U couple has not been well 

measured and understood due to challenges of the measurement. Choi et al. in 2009 [48] performed 

LP experiments in 3.3 wt% UCl3-LiCl-KCl salt where Cd coexisted at the bottom of the vessel. 

The authors conducted the experiments by using different materials for the electrode and 

concluded that the different materials of electrodes result in different values of i0, ranging from 

0.0202 to 0.0584 A cm-2. Ghosh and co-workers [49] showed that it is 8 ± 2 × 10-3 A cm-2, by Tafel 

plot technique, which stands far from the trend of other literature studies. Rose et al. in 2015 [50] 

measured the i0 of U/U3+ in 5 wt% UCl3-LiCl-KCl salt by using Tafel plot method. Tafel plots 

were analyzed by using the Oldham-Mansfeld model in a very small overpotential region, which 

is theoretically not a Tafel region. The i0 value from that study was from 0.0695 to 0.220 A cm-2.  
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Figure 2.126 Plot of the diffusion coefficients of UCl3 in LiCl-KCl salt reported by 

various researchers. 
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Recently, Lim et al. [51] reported the i0 values of U via the Tafel and LP methods; this published 

study is the only source with reported i0 data at the different temperatures and concentrations. The 

values of i0 for U3+/U are plotted and compared in Figure 2.4. From these literature results, there 

are still missing data sets for i0 of U in order to fully understand the general trend. Also, a 

meaningful comparison among the reported data is not possible due to the data discrepancy 

resulting from differences in the experimental conditions, the size of the system, and the data 

acquisition methods. Furthermore, the authors never mentioned the challenges and uncertainties 

in measuring the electrode surface area during the Tafel and LP measurements. The measurements 

at different concentrations and temperatures under the same experimental environments would be 

necessary in order to build up a meaningful data base for i0 of U/U3+ in LiCl-KCl salt. 
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Figure 2.4 Plot of i0 from literature studies (measuring with a tungsten electrode). 
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2.3 Review of the electrochemical techniques 

Five electrochemical techniques have been considered for the measurement of parameters: 

CV, OCP, EIS, Tafel plot, and LP methods.  CV is widely used to understand the redox process of 

the elements and determine diffusion coefficient and the apparent reduction potential. The 

equilibrium potential and the apparent reduction potential also can be easily extracted via OCP. In 

addition, kinetic parameters including the exchange current density and the rate constant can be 

calculated by conducting EIS, Tafel, and LP methods. These five techniques and their associated 

equations to measure the electrochemical and thermodynamic properties will be discussed in the 

following subsections.  

2.3.1 Cyclic voltammetry (CV) 

CV may be a most widely used technique among all methods available for studying 

electrode processes [52]. In this technique, linear scan voltammetry is carried out by switching the 

direction of the potential scan at a certain time, as shown in Figure 2.5 (a). This applied potential 

results in the reduction and oxidation of the species on the electrode surface.  A current increase 

can be observed due to the electrode reaction, and peak current can be found because of the 

depletion of species on the electrode surface, as shown in Figure 2.5 (b).  

 

 

 

From the results of the CV data, a reversibility of the redox reaction can be verified, which 

is a relationship between the redox reaction rate and the mass transfer rate. The reversible system 

is characterized by faster kinetic reaction than mass transfer of the species. In this case, the peak 

potential (Ep) will remain at the same potential under different sweeping scan rates [52]. If the 

electrode reaction rate is slowly moving than the mass transfer, the system is irreversible; that is, 
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Figure 2.5 (a) A typical potential waveform in CV, and (b) a typical reversible CV 

response with reduction and oxidation reactions.   
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the peak potential will shift toward a negative direction with an increasing scan rate [52]. The 

quasi-reversible system is intermediate between reversible and irreversible systems [55]. The 

condition for the reversibility is established at stationary planar electrode as [52, 55]: 
 

where k0 is the rate constant for the electrode reaction (cm s-1) and  is the scan rate. The number 

of electrons transferred in the electrode reaction can be determined by the measurement of cathodic 

and anodic peak currents, which can be exhibited [37, 55] by   

For reversible system: 
|Epc − Epc/2| = 0.77 

RT

nF
 

(2-9) 

For irreversible system: 
|Epc − Ep/2| = 1.857 

RT

nαF
 

(2-10) 

where Ep/2 is the half peak potential, and Epc and Epa are the cathodic and anodic peak potentials, 

respectively. Dalahay solved the boundary value problem for soluble/soluble diffusional system, 

the peak current can be expressed [56] as  

For reversible system: 

ip = 0.446nFSC0√
nFDυ

RT
 

(2-11) 

For irreversible system: 

ip = 0.499nFSC0√
αnFDυ

RT
   

(2-12) 

where S is the electrode surface area (cm2), C0 is the bulk concentration of species (mol cm-3), υ is 

the scan rate (V s-1), and D is the diffusion coefficient (cm2 s-1). Model for the reversible 

soluble/insoluble diffusion system (electrodeposition on the electrode) was developed by Berzins 

and Delahay [57]. The model used the assumption that the deposited species (in metal form) has a 

constant activity at unity. The equation can be expressed as   

 
ip = 0.611 nFSC0 (

nFυD

RT
)
1/2

. 
(2-13) 

Therefore, Eq. 2-11 – Eq. 2-13 allow to calculate diffusion coefficient by plotting ip over the square 

root of the scan rate. In Eq. (2-12), αn can be estimated by using Eq. (2-10) from CV 

measurements. The diffusivity generally follows Arrhenius temperature relationship, which can 

be expressed as 

 
D = D0exp (

−Ea
RT
) 

(2-14) 

where D0 is the pre-exponential factor, and Ea is then an activation energy (kJ mol-1) for the 

diffusion. Therefore, the activation energy for the diffusion can be calculated from the slope when 

ln(D) is plotted versus 1/T.  

 reversible system: k0 ≥ 0.3 υ1/2 cm s−1 (2-6) 
 

quasi − reversible system: 0.3 υ
1
2 ≥ k0 ≥ 2 × 10−5υ1/2 cm s−1  

(2-7) 

 irreversible system: k0 ≤ 2 × 10−5υ1/2 cm s−1 (2-8) 
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 The measured peak potentials from the cyclic voltammogram can be used to calculate the 

apparent standard potential. For a reversible soluble/insoluble system, the cathodic peak potential 

can be expressed as [55, 56] 

For reversible system: 
Ep = E

0∗ +
RT

nF
ln(X) − 0.854

RT

nF
 

(2-15) 

For irreversible system: 

(soluble/soluble) Ep = E
0∗ − 

RT

nαF
[0.78 − ln ki + ln(√

nαFυD

RT
)] 

(2-16) 

where Ep is the peak potential (V) obtained from the cathodic side, X is the mole fraction, and E0* 

is the apparent standard potential (V), and k is the rate constant (cm s-1). Using Eqs. (2-14) and (2-

15), the apparent standard potential of species for the reversible and irreversible systems can be 

experimentally calculated via the CV measurements.  

 

2.3.2 Open circuit potential (OCP) 

 The thermodynamic properties in terms of redox reaction can be readily measured by using 

the OCP method. During this measurement, a potential is measured with no appreciable current 

flowing through the cell; therefore, OCP is also known as ‘the zero-current potential’ or ‘the rest 

potential’ [55]. When the redox couple is present at an equilibrium state on the electrode, the OCP 

provide a steady potential between oxidant and reductant, which is the equilibrium potential. An 

example potential response is described in Figure 2.6, in which the equilibrium potential of U was 

measured at the concentration of 0.5 wt% UCl3-LiCl-KCl at 773K. By providing the equilibrium 

potential, the apparent standard potential (typically referred as a formal potential) of the redox 

reaction can be calculated by plotting the equilibrium potential versus concentration of species. 

Also, the values of the equilibrium potential can be directly substituted in Eq. (2-2) to determine 

the apparent standard potential. Furthermore, the OCP measurement is useful in monitoring 

whether electrochemical cell/electrode is in equilibrium state; therefore, OCP should be checked 

before or between electrochemical measurements to verify that the electrochemical cell is under 

the same condition at the equilibrium state. 
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2.3.3 Electrochemical impedance spectroscopy (EIS) 

 EIS is a technique to measure the cell/electrode impedance as a function of the frequency 

[55]. This technique is useful to understand the electrode process with respect to contributions 

from diffusion, kinetics, double layer, and reactions; therefore, there are many broad applications 

that EIS can be used to yield insightful information, such as corrosion, membranes, batteries, etc. 

[52]. The impedance can be measured by applying a perturbation signal which results in a 

corresponding response (i.e. solution resistance, double layer capacitance, and charge transfer 

resistance). The potential perturbation input can be expressed as a function of time: [55] 

     E(t) = E(0)sin (ωt) (2-17) 

where E(t) is the potential at time t (V), E(0) is the amplitude of the potential signal (V), and ω is 

the angular frequency (rad s-1) which is 2π times the conventional frequency in Hz. The current 

response can be expressed as [55, 58] 

       i(t) = i(0) sin (ωt + ϕ) (2-18) 

where i(t) is the current at time t (A), i(0) is the amplitude of the current signal (A), and ϕ is the 

phase angle which is illustrated in Figure 2.7. This current-voltage relation is analogs to Ohm’s 

law; therefore, the impedance, Z, can be expressed as 

           
𝑍(t) =  

E(t)

i(t)
=

E(0)sin (ωt)

i(0)sin(ωt + ϕ)
= Z(0)

sin (ωt)

sin(ωt +  ϕ)
 

(2-19) 

where Z(t) is the impedance (Ω) and Z(0) is the amplitude of the impedance. When the E(t) and 

i(t) are considered in complex plane, the equations can be described as  
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Figure 2.6 An example of OCP measurement in 0.5 wt %UCl3-LiCl-KCl at 773 K. 
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     E(t) = E(0)exp (jωt) (2-20) 

       i(t) = i(0) exp (j(ωt − ϕ)) (2-21) 

where j is the imaginary number, √−1. By applying complex function, exp(jϕ) = cosϕ + jsinϕ , 

the impedance, Z, can be expressed in complex plane as 

       Z(t) = Z(0)(cosϕ + jsinϕ) = Z(Re) + Z(im) (2-22) 

where Z(Re) and Z(Im) are the real and imaginary part of the impedance. The Z(Re) and Z(Im) 

can be plotted on x-axis and y-axis, respectively, which is called the ‘Nyquist plot.’  

The EIS can be interpreted with an equivalent circuit consisting of resistances, 

capacitances, diffusion related impedances (Warburg impedance), and so on. The simplest model 

for the electrode process is called Voigt model containing solution resistance (Rs), charge transfer 

resistance (Rct), and double layer capacitance (Cdl), as shown in Figure 2.8. The impedance of the 

Voigt model can be expressed by using following equation [55]:  

        
Z(t) = Rs +

1

1
Rct

+ jωCdl

= Rs + 
Rct

1 + jτω
 

(2-23) 

where τ is the time constant relating with RC circuit. The second term in Eq. (2-20) can be 

considered with two different scenarios.  First, it becomes very small and is negligible at high 

frequency.  Second, it approaches Rct at very low frequency. Figure 2.9 shows the ideal Nyquist 

plot for the Voigt model where Rs and Rs+Rct can be easily found on the x-axis. The Rct is formed 

when an electrochemical reaction occurs on the electrode at the equilibrium state, R ↔ O + ne-, 

and the exchange current density (i0, A cm-2 ) and rate constant (k0, cm s-1) for the charge transfer 

can be calculated by using [55]:  

       
Rct = 

RT

nFSi0
=

RT

n2F2Sk0C0
1−α 

 
(2-24) 

Since the polarization of the electrochemical system in reality can be non-ideal and more complex 

according to the interfacial formations, the constant phase element (CPE) is typically being utilized 

to fit the experimental EIS spectra through the following expression: [59] 

 
ZCPE =

1

T(jω)ϕ
 

(2-25) 

where T is a constant in F cm-2 sϕ-1 is the constant, ϕ is the number constant between -1 and 1, and 

ω is the frequency. Here, CPE can easily become double-layer capacitance, Warburg resistance, 

or pure resistance by changing the number of ϕ in Eq. (2-25).  
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Figure 2.7 Sinusoidal potential input and sinusoidal current response in typical EIS 

measurements [58]. 

 

 

Figure 2.8 An equivalent circuit for Voigt model which is composed with resistance and 

capacitance. 
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2.3.4 Tafel and linear polarization (LP) methods 

Considering a single step electrode reaction, R ↔ O + e-, the rate of reaction controlled by 

the electron transfer can be examined via Tafel and linear polarization (LP) methods. The electrode 

reaction can be derived using current and overpotential relation under the assumption of fast mass 

transfer of the species, which can be expressed in another form of Eq. (2-5) as  

 
i = i0 [exp (

−αnF

RT
η) − exp(

(1 − α)nF

RT
η) ]. 

(2-26) 

When η is large, the second term on the RHS will be negligible and Eq. (2-25) becomes [55] 

 
log(i) = log(i0) +

αnF

2.303 RT
η , (η < 0). 

(2-27) 

The plot of log(i) versus η, known as the ‘Tafel plot,’ is useful in determining the value of i0 by 

extrapolating to an intercept of log (i). Figure 2.10 shows an example the Tafel plot [55] in which 

linear Tafel region can be obtained at large overpotential region.  Here, the value of i0 can be 

determined at y-intercept. In the case that small η is applied to the cell, the Butler-Volmer equation 

can be further simplified to [55] 
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Figure 2.9 An ideal Nyquist curve for the Voigt model. Rs is bulk solution 

resistance and Rct is the charge transfer resistance on electrode surface. 
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i = i0 (

nF

RT
) η. 

(2-28) 

By plotting current-overpotential in very small overpotential region (Figure 2.11 shows an 

example of current-overpotential curve and the overpotential is typically less than 10 mV), Rct can 

be obtained from the slope. Then, the value of i0 can be calculated by using the Eq. (2-28).  

 

 

Figure 2.10 An example of Tafel plot for anodic and cathodic branches [55]. 
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Table 2.2 Summary of electrochemical techniques used in each section and measured properties  

Experiments Elements Electrode 
Electrochemical methods 

CV OCP EIS Tafel/LP OCC 

Section 4.1 Ce W O  O   

Section 4.2 Ce LCC O   O O 

Section 5.1 U W O O O O  

Section 5.2 U-Gd W O O O   

Measured 

Properties 
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Figure 2.11 An example of current-potential curve at small overpotential region. 
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2.4 Summary  

 Literature surveys were performed to understand the available properties of nuclear 

elements previously reported. It was discussed that some data sets are scattered and not fully 

understood due to challenges in experimental measurements. In addition, electrochemical 

techniques and methods used in this project were investigated based on the literatures and 

textbooks. For the proper evaluation of uranium properties including diffusion coefficient, 

apparent standard potential, Gibbs free energy, activity coefficient, and exchange current density, 

specific techniques and equations must be applied to obtain accurate data sets. Table 2.2 

summarizes the selected techniques and specific design to be used for each experiment in Sections 

4 and 5. 

 

3 Experimental setup and procedures 
 To elucidate the fundamental characteristics of UNF, it is important to carefully prepare 

and design the experiments in a controlled environment. As an example, the salt chemicals 

including LiCl and KCl have a hygroscopic characteristic; hence, the chemicals need to be 

prepared in free oxygen and water environment, or need to be purified. Therefore, the main purpose 

of this section is to provide detailed description of the experimental program used in the present 

research—installments of the equipment, reagents, materials, and sample preparation methods for 

performing all experimental runs. These steps are extremely critical in order to obtain reliable and 

repeatable results from the electrochemical measurements. It should be noted that this section will 

only provide general experimental setups and materials conducted in the laboratory.  More detailed 

setups, designs, and experimental procedures specific to each experiment will be provided and 

discussed in Sections 4 and 5. 

 

3.1 Equipment 

 Two glovebox systems (Innovative Technology) were established in the Radiochemistry 

laboratory (E4262 School of Engineering at VCU) as shown in Figure 3.1. The O2 and H2O levels 

are being monitored by oxygen and water sensors preinstalled on the glovebox system as shown 

in Figure 3.2(a). Occasionally, O2 level was analyzed with a portable O2 sensor (Advanced 

Instruments Inc. (see Figure 3.2(b))) to confirm the accuracy of the O2 sensor on glovebox. All the 

electrochemical experiments were prepared and conducted when the O2 level is less than 5 ppm. 

RAM II glovebox was designed to utilize radioactive materials; therefore, all researchers working 

in RAM II must take radiation safety training through VCU radiation safety section (RSS) and 

pass a test. When working in RAM II glovebox, researchers monitor hands, arms, and any 

materials moving in and out the glovebox by using hand-held monitors or Friskers as seen in Figure 

3.3. Within the glovebox systems, commercial furnaces were installed to heat and maintain the salt 

samples at desired temperature. During preliminary studies, Kerrlab melting furnace was mainly 

utilized (see Figure 3.4(a)); however, this furnace had an issue in failing to control the temperature 
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after a continuous intensive use (e.g., 1-2 weeks duration). This may be due to failure of heating 

coil or temperature controller. After experiencing this issue several times during the preliminary 

studies, another commercial furnace (Muffle furnace) was purchased from Thermo Scientific and 

redesigned for the electrochemical experiments, as shown in Figure 3.4(b). Therefore, all the 

uranium studies (Section 5) were performed using Muffle furnace, which has been working 

remarkably well until now.   

 All the salt samples were handled, and precisely prepared by using the Mettler Toledo 

balance (< 1 μg tolerance, see Figure 3.5) installed in the glovebox systems. Here, it should be 

noted that further errors can be introduced by build-up of static charges on the weighting plates or 

pressure difference in the glovebox system. When the sample preparations and electrodes setup 

were completed, VSP-300 potentiostat/galvanostat (purchased from Biologic Science Instrument 

as shown in Figure 3.6) were connected through the isolated feed through ports on the glovebox 

wall. For collecting and processing the measured data, EC-Lab software released from Biologic-

Science Instruments was utilized for all electrochemical experiments in the present research. 

During the data measurements, the salt samples were taken using a tungsten rod and analyzed by 

an Agilent 7900 inductively coupled plasma-mass spectrometry (ICP-MS), as shown in Figure 3.7. 

 

 

 

 

 

 

 

 

Figure 3.1 Glovebox systems (RAMI (Left) and RAMII (Right)) for electrochemical 

experiments. 
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Figure 3.2 (a) Digital control panel on the glovebox systems reading oxygen and water levels 

and (b) a portable oxygen analyzer from Advanced Instruments Inc. 

 

 

 

Figure 3.3 Pancake detector frisking meter (left) and hand survey meter (right) from Atlantic 

Nuclear Corporation. 
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Figure 3.4 (a) Kerrlab melting furnace, and (b) Muffle furnace from Thermo Scientific. 

 

 

 

Figure 3.5 Mettler Toledo balance placed in the glovebox systems. 
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Figure 3.6 VSP-300 potentiostat/galvanostat, Biologic Science Instrument. 

 

 

 
 

Figure 3.7 Agilent 7900 ICP-MS instrument installed in the Radiochemistry laboratory. 
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3.2 Experimental preparation 

3.2.1 Reagents and crucibles 

Anhydrous lithium chloride (LiCl, 99.995%, bead type) and potassium chloride (KCl, 

99.95%) were purchased from Alfa Aesar. The beads of LiCl and KCl were well mixed in quartz 

crucible to prepare a LiCl-KCl (58.2:41.8 in mol%) eutectic salt. The prepared mixtures were 

loaded in a vessel and heated in furnace (melting temperature of LiCl-KCl eutectic salt is 623 K). 

Once LiCl-KCl eutectic salt was prepared, target elements including cerium chloride (CeCl3), 

uranium chloride (UCl3), and gadolinium chloride (GdCl3) were added in the vessel. The depleted 

UCl3 powders (73 wt% UCl3 in LiCl-KCl) provided by INL (see Figure 3.8(a)) were used for the 

uranium studies in Section 5. It should be noted that all the salt samples were dried at 523 K for 5 

hours to remove possible moisture contents despite having the salt in sealed glass ampoules under 

argon prior the melting processes. Prior to the electrochemical measurements, few more hours (3 

to 5 hours) were given for the salt system to reach the equilibrium state at the desired temperature.    

 In preliminary studies, alumina (Al2O3) crucible was generally used as the vessel, which 

was washed/sonicated with ultra-pure water and dried in an oven at 473 K for 2 hours. All the 

uranium studies were performed with Inconel® crucible (Inconel 601 alloy, nickel-chromium-iron 

alloy from Alfa Aesar) owing to the reactions happening between uranium chloride and 

oxygen/adhesives from the alumina crucibles. These main vessels were placed in a secondary 

crucible to contain any molten salt upon possible failure of the primary crucible as can be seen in 

Figure 3.9. The specific information of the reagents and crucibles can be found in Table 3.1. 
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Figure 3.8 Depleted uranium samples: (a) LiCl-KCl - 73 wt% UCl3 eutectic, and (b) uranium 

plates provided by INL. 

 

 

 

Figure 3.9 Alumina crucible (left) and Inconel crucible (right) placed in safety crucible for 

preliminary and uranium studies, respectively.  
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Table 3.1 Material summaries for reagents and crucibles used in the present study  

Materials Detailed data Manufacturers Applications 

LiCl 99.995%, bead type Alfa Aesar Prepare LiCl-KCl electrolyte 

KCl 99.95%, bead type Alfa Aesar Prepare LiCl-KCl electrolyte 

AgCl 99.998%, bead type Alfa Aesar Reference electrode 

CeCl3 99.9%, bead type Alfa Aesar Preliminary study 

CdCl2 99.999%, powder Alfa Aesar Preliminary study 

Ce metal 99.9%, metal chips Sigma-Aldrich Preliminary study 

Cd 99.999%, shots Alfa Aesar Preliminary study 

UCl3 73% in LiCl-KCl, powder INL Uranium study 

GdCl3 99.99%, powder Alfa Aesar Uranium study 

U metal Depleted U metal plate INL Uranium study 

Al2O3 

crucible 

99.8%, OD: 48, H: 47 mm 

OD: 28, H: 40 mm 

OD: 40, H: 165 mm 

OD: 54, H: 91 mm 

 

Coorstek 

Vessel in Preliminary study 

Vessel in Preliminary study 

Safety crucible in Preliminary study 

Safety crucible in Uranium study 

Inconel® 

crucible 

OD: 47 mm, H: 41 mm Alfa Aesar Vessel in Uranium study 

 

3.2.2 Electrodes: Working, Counter, and Reference Electrode 

 All electrode rods were preinstalled in alumina sheath for the prevention of a shortage in 

the electrical circuit as indicated in Figure 3.10(a). Tungsten rods (99.95%, 1.5 mm – 2.0 mm in 

diameter, Alfa Aesar) were typically used as a working electrode. The geometric surface area was 

determined by measuring the immersed length of the working electrode into the molten salt as 

shown in Figure 3.10(b). A glassy carbon rod (HTW, 3mm in diameter), Ce metal chips (Sigma-

Aldrich 99.9%), and U metals (see Figure 3.8(b) provided by INL) were used for a counter 

electrode according to the experimental runs. Since designs and configurations of the 

working/counter electrodes vary with the different tasks, specific information can be found in the 

experimental section of each Section (see Sections 4 and 5). In contrast, all the experiments utilized 

the Ag/AgCl reference electrode, so that the preparation of reference will be discussed in this 

section. Specific procedure of the preparation is as follows: 

 Prepare the LiCl-KCl eutectic salt in a closed-end Quartz tubing (22 mm in OD, Research 

Glass), 

 Add a certain amount of AgCl in the Quartz crucible and melt the salt at 773 K, 

 Stir the LiCl-KCl-AgCl salt and leave it for 3 hours for homogeneity of the salt,  

 Insert a Pyrex tube (4 mm in OD, Research Glass) into the salt solution, and draw the salt 

into the tube by using a syringe,  
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 Leave the drawn salt under a room temperature to solidify the salt, and  

 Obtain the solid rod of LiCl-KCl-AgCl salt as shown in Figure 3.11. 

 The prepared AgCl salt rod was loaded in a 7 mm diameter Pyrex tube (Research Glass), 

which is closed at one end. At the tip of the tube, the thickness of the wall was made thin enough 

(less than 0.5 mm in thickness, see Figure 3.12(a)) allowing ionic conduction between the solution 

and electrolyte. As shown in Figure 3.12(b), the prepared AgCl salt rod is loaded in the Pyrex tube, 

which is melted at high temperature and contacted with Ag wire (99.99%, 1 mm in diameter, Alfa 

Aesar). Therefore, the equilibrium potential between Ag metal and AgCl solution was established 

and used as a standard potential for all electrochemical measurements in the present researches.  

 In the preliminary study (Section 4), 5 mol% AgCl reference was prepared and used as a 

reference electrode, while Ag/AgCl (1 mol%) reference was utilized for the uranium studies in 

Section 5. Since various concentrations of AgCl solution were utilized for electrochemical research 

in literature, the results data should be converted into Cl2/Cl- scale for meaningful comparison. 

Therefore, the conversions from Ag/AgCl (1 mol% and 5 mol %) to Cl2/Cl- reference electrode 

were being performed by the interpolation/extrapolation of the data reported by Yang and Hudson 

[60]. The potential differences between Ag/AgCl and Cl2/Cl- used in the present study are 

summarized in Table 3.2. 

 

 

 

 

Figure 3.10 (a) Tungsten rod sheathed with alumina tube, (b) measurement of submerged 

electrode area in the salt by using digital caliper. 
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Table 3.2 Potential differences between Ag/AgCl reference electrodes and Cl2/Cl reference at 

different temperatures [60] 

T [K] ∆E between Ag/AgCl and Cl2/Cl references [V] 

1 mol% Ag/AgCl 5 mol% Ag/AgCl 

698 1.155 1.069 

723 1.157 1.068 

748 1.159 1.067 

773 1.161 1.067 

798 1.161 1.066 

823 1.163 1.065 

 

 

Figure 3.11 Prepared AgCl salt rods. 

 

 

Figure 3.12 (a) Pyrex tube with thin end for ionic conductivity, (b) Ag/AgCl reference built 

in Pyrex tube.   
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3.2.3 Electrode assembly 

 For securely placing the electrodes and thermocouple under the molten salt at high 

temperature, an electrode assembly was designed and manufactured in VCU School of 

Engineering machine shop, which is indicated in Figure 3.13. Main purpose of the design was to 

1) assemble the electrode as a single body for easy access into the furnace from the top lid, 2) place 

the electrodes at demanding vertical position, and 3) take the salt sample during experiments. 

Figure 3.14 shows the parts of the electrode assembly and its specific diagram. There are three 

main bodies made with stainless steel where four holes (two holes are designed for 5 mm OD 

cylinder and the other holes are for 7 mm OD cylinder). On top of the Part (c) in Figure 3.14, high 

temperature rubber O-rings were placed which the electrodes were slid in. When Parts (a) and (c) 

are tighten by using the threads, the O-rings are squeezed and therefore tightly holding the 

electrodes without breaking the alumina sheath. In this manner, the electrodes are securely 

assembled in a single body; hence, an access of the assembly can be easily made into the furnace 

at high temperatures. In addition, electrode rods inside the alumina sheath can be separately 

removed from the assembly body.  Thus, electrode cleaning and salt sampling can be readily 

conducted during the electrochemical measurements. 

 

 

 

 

 

Figure 3.13 Electrode assembly for electrochemical applications. 
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3.2.4 Sample preparations for ICP-MS Analysis   

 In particular, all uranium salt samples provided by INL may be non-homogenous and 

contain oxide formations, which will have an influence on the chemical compositions. Therefore, 

the concentration of the prepared UCl3 salts were demonstrated by using an ICP-MS analysis. Due 

to the hygroscopic feature of the salt sample, the following sample preparation procedures were 

used: 

 Prepare the nitric acid (2% HNO3) with the ultrapure (Type 1) water,  

 Prepare 6 – 9 standard samples using multi-element blends: CCS1 and CCS4 (Inorganic 

Ventures), 

 Prepare different internal standards at ~5000 μg/L,  

 Take 15 mL centrifuge tubes into the glovebox, 

 Measure the weight of salt sample (be careful of static and pressure effects), 

 Load salt samples in the centrifuge tubes and close the lid,  

 Take out the centrifuge tubes from the glovebox,  

 Open the lid and quickly fill out the tubes with 10 mL HNO3 in order to minimize water 

absorption from an environment, 

 Wait for  the solid salts to be fully dissolved into the HNO3 solution,  

 Dilute the stock samples with 500 - 5000 times for running uranium samples lower than 

EPA regulation (U.S. EPA regulation for drinking water is less than 30 μg/L), and 

 Run the ICP-MS with the diluted samples and calculate concentrations with the used 

dilution factors. 

 

Figure 3.14 Electrode assembly parts and its diagram. 
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3.3 Summary  

 In this section, general experimental preparations generally were described. Apparatus 

including the glovebox systems, the furnaces, and the potentiostat were first presented. Then, the 

reagents and crucibles used in the present study were introduced and their specifications and 

preparation methods were discussed. It was followed by the explanation of electrodes. While the 

working and counter electrodes are particularly designed for achieving goals of each experiment, 

the Ag/AgCl reference electrode was commonly used for all electrochemical measurements; 

therefore, Ag/AgCl reference construction and the potential difference from Cl2/Cl- reference 

electrode were mainly focused. In addition, the electrode assembly were designed and built based 

on the concept for easy access into the molten salt at high temperature. Lastly, all sample 

preparations and procedures for the ICP-MS quantitative analysis were provided. This given 

information will be useful to understand other experimental setups and conditions in following 

sections discussing the electrochemical measurements and results.   

 

 

4 Preliminary Studies: Experimental Development with Ce as a 

Surrogate Material for U 
 The main purpose of this section is to provide the information on a development of 

experimental methodologies, and electrochemical techniques with a non-radioactive material, 

which can be applied toward uranium. Cerium chloride (CeCl3) was selected as a surrogate 

material for UCl3 because the Ce3+ has similar electrochemical characteristic and ionic size of U3+ 

[61]. The ionic sizes are about 115 pm and 117 pm, for Ce3+ and U3+, respectively [62], and 

diffusion coefficients of both elements are in order of 10-5 cm s-1 [37, 45, 61, 63, 64]. Therefore, 

electrochemical measurements were performed to evaluate Ce properties such as diffusion 

coefficient, apparent standard potential, thermodynamic properties, and exchange current density 

in LiCl-KCl eutectic salt. Section 4.1 will discuss the measurements of Ce properties using solid 

working electrode while Section 4.2 discuss the Ce behaviors on LCC electrode, which will 

elucidate the fundamental properties of actinide (An) and lanthanide (Ln) in ER process with LCC 

operations.  

4.1 Electrochemical properties and analyses of CeCl3 in LiCl-KCl eutectic salt1 

4.1.1 Introduction  

 Several studies on the electrochemical behaviors of cerium in the molten salt at high 

temperatures have been previously conducted. In 1998, Iizuka [7] conducted CP to determine 

                                                           
1 Contents in Section 4.1 are cited from the author’s publication:  

D. Yoon and S. Phongikaroon, “Electrochemical properties and analyses of CeCl3 in LiCl-KCl eutectic salt,” 

Journal of The Electrochemical Society, 162 (10), E237-E243 (2015).  
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diffusion coefficient of CeCl3 at different temperatures. Marsden and Pesic in 2011 [61] measured 

apparent standard potentials and diffusion coefficients of CeCl3 by CV technique. They also 

determined the exchange current densities of CeCl3 using the LP method. While the diffusion 

coefficients and apparent standard potentials of Ce elements were well evaluated from many 

researchers with various techniques, only LP method was used for the measurement of i0. Due to 

the difficulties in measuring the i0 with LP method, Marsden and Pesic [61] provided wide ranges 

of i0 values for Ce3+/Ce.   

 The main goal of this section is to provide measurement and analyses of electrochemical 

and kinetic properties of CeCl3 in LiCl-KCl eutectic salt at different concentrations and 

temperatures using two methods: (1) CV for measuring the D and E and (2) EIS for determining 

the i0 values. The outcomes will provide useful insight into these properties with a unique feature 

of EIS technique by reducing uncertainty of electrode area measurement because very small 

current is applied at around an open circuit potential.  

 

4.1.2 Particular experimental setup and routine  

 For the preparation of chemicals, crucibles, and reference electrode, general procedures as 

discussed in Section 3.2 were followed. Figure 4.1 indicates the schematic design of the 

electrochemical cell placed in the Kerrlab furnace. Tungsten rods (1.5 mm and 2 mm in diameter) 

were used as the working electrode. The length of the working electrode submerged into the salt 

was measured, and the surface areas were ranging from 0.32 cm2 to 0.63 cm2 depending on 

experimental runs. The cerium chips were loaded in a molybdenum basket and lowered into the 

prepared salt, which works as the counter electrode. Prior to using the counter electrode, an oxide 

layer on the cerium chips was eliminated using sand paper under argon environment. Ag/AgCl (5 

mol%) was used as a reference electrode. Table 4.1 summarizes the experimental program 

developed in this study. Prior to each experiment, the working electrode was anodically cleaned 

by stripping at a potential of -0.1 V versus the reference electrode for 3 minutes. Then, OCP was 

checked to ensure the equilibrium condition has reached in the system. This was repeated for each 

electrochemical measurement, and anodic stripping and OCP were carried out longer in case of 

higher concentrations. 
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Table 4.1 Detailed experimental program for electrochemical measurements of CeCl3 

Experimental 

runs 

Temperature 

[K] 

Electrode 

area 

[cm2] 

CeCl3 concentration 

[wt%] [mol%]  [mole/cm3] × 105 

Ce_S_1  

698  – 798 

0.559 0.507 0.115 3.33 – 3.44  

Ce_S_2 0.685 0.498 0.113 3.27 – 3.37 

Ce_S_3 0.597 2.06 0.473 13.7 – 14.1 

Ce_S_4 0.324 4.03 0.944 27.4 – 28.3 

 

4.1.3 Results and Discussion  

4.1.3.1 Cyclic voltammetry (CV) of the LiCl-KCl-CeCl3 system 

 The CV technique was first applied to the pure LiCl-KCl system to identify that no other 

reactions occurring in the range between 0 V and -2.5 V versus Ag/AgCl reference. The 

voltammogram of pure LiCl-KCl (in Figure 4.2) shows that Li reduction starts at -2.55 V (vs. 

Ag/AgCl). No redox reaction between 0 to -2.4 V was observed and residual current in that region 

was less than 2 mA. Therefore, it was safe to perform the CV experiments over that potential range 

without interference from other reactions. Figure 4.3 shows the cyclic voltammograms of CeCl3 

(0.5 wt%, 2 wt%, and 4 wt%) in LiCl-KCl at 773 K. It was extremely important to obtain repeatable 

and reproducible CV data. Table 4.2 provides the summary of the methods for the CV 

measurements and data acquisition in detail.   

 

 

Figure 4.1 Schematic sketch of the experimental setup of all electrochemical experiments. 
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Here, Ce reduction and oxidation peaks were observed at around -2.2 and -2.09 V versus the 

Ag/AgCl reference electrode, respectively. For 0.5 wt% CeCl3, the peak potentials stay at the same 

potential under different scan rates representing the reversibility of the reaction in the range of the 

scan rate. However, the peak potentials move slightly in the negative direction according to the 

scan rate when the concentration of CeCl3 was being increased to 4 wt%. This may be considered 

as a quasi-reversible reaction.  

 

 

Table 4.2 Steps of CV measurements and data acquisition  

Step Description 

1 Clean the working electrode by applying an oxidative potential (-0.1 V vs. 

Ag/AgCl) for 3 minutes, 

2 Wait for 1 ~ 3 minutes until the OCP becomes stable, 

3 Perform CV measurements at least 5 cycles, 

4 Obtain the data if the CV curves are repeatable, 

5 Repeat Steps 1 – 4 for next CV measurement, 

6 Measure peak current, peak potential, and half peak current using the EC-

LAB software, and 

7 Calculate the values of D and E0* using Eq. (2-13) and Eq. (2.15), 

respectively. 
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Figure 4.2 Cyclic-voltammogram of pure LiCl-KCl eutectic salt at 773 K at the scan rate of 

0.1 V s-1. Tungsten rod (2 mm in diameter) was used as cathode electrode, and the surface 

area was 0.471 cm2. 
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The difference between peak potential and half peak potential can be used to calculate the 

number of electron transferred by using Eq. (2-9). The calculated number of electron transferred, 

n, was ranging from 2.5 to 3.1 agreeing with the expected value for the reduction process of 

Ce3+/Ce. The cathodic peak currents were plotted with respect to the square root of the scan rate 

to calculate diffusion coefficient of CeCl3 in LiCl-KCl using Eq. (2-13). The diffusion coefficient 

of CeCl3 was determined at different concentrations, as indicated in Figure 4.4.  Small decrease of 

the values could be observed by increasing concentration from 0.5 wt% to 2 wt%; however, the 

diffusion coefficients of CeCl3 in LiCl-KCl salt were approximately the same between the 

concentrations of 2 and 4 wt%. Present study shows smaller values for the diffusion coefficients 

comparing with those from Marsden and Pesic [61] and Iizuka [7] with a similar trend.  
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Figure 4.3 Cyclic-voltammogram of CeCl3 in LiCl-KCl at 773 K at scan rates of 0.05, 0.1, 

0.15, and 0.2V s-1: (a) 0.5 wt % CeCl3, (b) 2 wt % CeCl3 (c) 4 wt % CeCl3. 

 

 



 
 

198 
 

 

0.20 0.25 0.30 0.35 0.40 0.45

0.016

0.020

0.024

0.028

0.032

0.036

 698 K

 723 K

 748 K

 773 K

 798 K

C
u

rr
en

t 
[A

]

(V/s)
1/2

(a)

 

 

0.20 0.25 0.30 0.35 0.40 0.45
0.04

0.06

0.08

0.10

0.12

0.14

0.16

 698 K

 723 K

 748 K

 773 K

 798 K

C
u
rr

en
t 

[A
]

(V/s)
1/2

(b)

 

 

0.20 0.25 0.30 0.35 0.40 0.45

0.015

0.020

0.025

0.030

0.035

0.040

 698 K

 723 K

 748 K

 773 K

 798 K

C
u

rr
en

t 
[A

]

(V/s)
1/2

(c)

 

 

 

Figure 4.4 Plots of the peak currents versus the square roots of the scan rates at (a) 0.5 wt%, (b) 

2 wt%, (c) 4 wt% CeCl3. 
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The square root of D was plotted against inverse temperature, allowing calculation of the 

activation energy for CeCl3 diffusion by using the Arrhenius relationship in Eq. (2-14). The R2 

values between the fitted regression lines and experimental points were all greater than 0.96 

indicating a good fit to the data sets. Table 4.3 lists the D of CeCl3 and the average Ea with different 

temperatures and concentrations.  

 

Table 4.3 Diffusion coefficients (D) measured from CV experiments and activation energy (Ea) 

at different concentrations and temperatures 

 

 From the cathodic peak potentials in the cyclic voltammogram, the apparent standard 

potential of CeCl3 was calculated by using Eq. (2-15). The calculated apparent standard potentials 

are plotted in Figure 4.6 showing a proportional relationship with respect to an increase in 

temperature. The apparent standard potentials for the concentration of 0.5 wt% and 2 wt% agree 

CeCl3 0.5 wt % 2 wt % 4 wt % 

T [K] D 

[× 105 cm2 s-1] 

Ea 

[kJ mol-1] 

D 

[× 105 cm2 s-1] 

Ea 

[kJ mol-1] 

D 

[× 105 cm2 s-1] 

Ea 

[kJ mol-1] 

698 0.479  

 

30.7 

0.430  

 

31.6 

0.418  

 

33.4 
723 0.545 0.547 0.544 

748 0.653 0.675 0.672 

773 0.751 0.690 0.700 

798 1.012 0.875 0.860 

1.1 1.2 1.3 1.4 1.5 1.6
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Figure 4.5 Plots of diffusion coefficient of Ce3+ versus inverse temperature at different 

CeCl3 concentrations (0.5, 2, and 4 wt %).   
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with each other (staying within similar ranges of values), but the apparent standard potential for 4 

wt% of CeCl3 was slightly more negative. Once the apparent standard potentials were determined, 

thermodynamic properties can be further investigated using Eq. (2-4). Although the melting 

temperature (Tm) of CeCl3 salt is 1080 K in nature, CeCl3 is dissolved in LiCl-KCl eutectic salt  

 

 
 

 

under a liquid phase; therefore, the fusion energy between solid and liquid phases need to be 

considered as well. Several literature studies mistakenly use the Gibbs energy for the formation at 

super cooled state (∆GFormation) as an ideal Gibbs free energy without considering the fusion 

energy [61, 65]. Thus, ∆G 
SCcan be re-written with considering the fusion energy between liquid 

and solid state through the following relationship:  

 ∆GSC = ∆G 
Formation + ∆G 

Fusion (4-1) 

where ∆GFormation is the Gibbs free energy for the formation (kJ mol-1) and ∆GFusion is the Gibbs 

energy for the fusion between liquid and solid phases. This second term can be expressed as  

 
∆G 

Fusion = ∆HFusion −  T∆SFusion + ∫ ∆Cp dT
T

Tm

− T∫
∆Cp

T

T

Tm

dT  
(4-2) 

where ∆HFusion is the enthalpy of fusion (kJ mol-1), ∆SFusion is the entropy of the fusion at Tm (kJ 

mol-1 K-1), and ∆Cpis the heat capacity between Tm and T (kJ mol-1 K-1). These thermodynamic 

values for CeCl3 at desired temperatures were obtained from the literature published by Barin [53], 

which are listed in Table 4.4 with the calculated thermodynamic data values (∆G 
Fusion, ∆G 

SC). The 

values of ∆GCeCl3
0∗  were calculated from the apparent standard potentials using the thermodynamic 

equation (∆G = -nF∆E); therefore, the values of γ
CeCl3

could be calculated using Eq. (2-4). Results 
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Figure 4.6 Plot of apparent standard potentials versus temperature. 
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from Figure 4.7 show that values increase as temperature rises. However, these values need to be 

further evaluated to provide an overall trend with temperature. Compared with literature values 

[61, 65], the activity coefficients in the present study are smaller with an order from 101 to 102. 

This deviation may be because previous researcher used only the Gibbs free energy for the 

formation to represent ∆G 
SC as mentioned above. Detailed calculated values are summarized in 

Table 4.4.  

 

 

Table 4.4 Thermodynamic information from the literature [53]and calculated values 

 698 K 723 K 748 K 773 K 798 K Tm (1080 K) 

∆GCeCl3
Formation (kJ mol-1) -880.90 -875.1 -869.31 -863.53 -857.28  

∆HCeCl3 
Fusion (kJ mol-1)      53.14 

∆SCeCl3 
Fusion (J mol-1 K-1)      49.20 

Cp (J mol-1 K-1) 115.93 116.6 117.20 117.84 118.47  

∆GCeCl3
Fusion (kJ mol-1) 15.40 14.67 13.90 13.07 12.20  

∆GCeCl3
SC (kJ mol-1) -865.5 -860.4 -855.4 -850.5 -845.1  

∆GCeCl3
0∗  

(kJ mol-1) 

0.5 wt% -908.9 -905.4 -900.7 -894.4 -899.2  

2.0 wt% -910.0 -906.5 -903.1 -892.7 -886.5  

4.0 wt% -914.1 -908.4 -906.1 -899.6 -896.5  

γ
CeCl3

 

× 103 

0.5 wt% 0.56 0.56 0.68 1.07 1.29  

2.0 wt% 0.47 0.47 0.47 1.40 1.94  

4.0 wt% 0.23 0.34 0.29 0.48 0.43  
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Figure 4.7 Activity coefficients of CeCl3 in LiCl-KCl, compared with literature values. 
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4.1.3.2 Electrochemical impedance spectroscopy (EIS) 

 The EIS technique was selected and performed to calculate exchange current density (i0) 

of Ce3+/Ce couple in LiCl-KCl salt. Compared to the LP and Tafel techniques, EIS has an 

advantage that the electrode surface area is almost maintained the same due to an extremely small 

current that is being applied at OCP or in that proximity. Therefore, uncertainty of electrode area 

can be reduced significantly in determining i0. For analyzing impedance spectra, a simple 

equivalent circuit was proposed as shown in Figure 4.8 where CPE was used instead of double 

layer capacitance and Warburg impedance. It is important to point out that Rs is the solution 

resistance, Rct is the charge transfer resistance on the electrode surface, Cdl is the double-layer 

capacitance and W is the diffusion related resistance (Warburg). A frequency ranging from 50 kHz 

to 50 mHz was used, and the applied potential amplitude was set at 10 mV. Figure 4.9 shows 

impedance spectra for 0.5 wt% of CeCl3 in which the potential was gradually increased from the 

equilibrium potential (-2.169 V). In general, an impedance should be measured at an equilibrium 

potential to properly calculate i0. However, at the equilibrium potential, the impedance swiftly 

increases at the high frequency and downward distortion was observed at low frequency as shown 

in Figure 4.9 because no ion transfer can occur between the tungsten electrode and cerium ions. 

Therefore, minimum overpotentials (η = 1 - 5 mV) was applied to the cell for the cerium reduction 

to occur at the electrode surface. For an example, in Figure 4.9, by increasing η from equilibrium 

potential, a transition point can be observed at -2.172 V (open circles in Figure 4.9) with a 

noticeable behavior that, a diffusion related impedance (Warburg impedance) starting to occur at 

low frequency region. This occurrence implies that electrons transfer and diffusion from the bulk 

salt to the electrode surface starts to occur at that potential. In this case, current density flows 

through the EIS experiment was only less than 1.5 mA cm-2. The electron exchange was confirmed 

by OCP measured right after the EIS experiments. After performing EIS at the potential of -2.172 

V, OCP was maintained at the equilibrium potential for 500 s while OCP was released from the 

equilibrium potential when the applied potential was lower than -2.172 V. Therefore, minimum η 

for Ce3+/Ce reduction to occur could be found and Rct values were measured at those voltages by 

fitting the Nyquist plot to an equivalent circuit.  

 

 

 

Figure 4.8 Equivalent circuit for the electrochemical cell showing bulk solution resistance, 

charge transfer resistance, CPEs and Warburg impedance. 
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 The measured and fitted impedance spectra of Ce3+/Ce for the three different 

concentrations of CeCl3 at various temperatures are shown in Figure 4.10. First, the measured 

spectra were automatically fitted by using randomize and simplex method in Z-fit software (Bio-

Logic), then a manual adjustment was done by changing the values of the equivalent circuit 

components. As the manual curve fitting was performed, the relative error could be minimized 

below a fraction of 10-1. Table 4.5 describes the methods to obtain EIS spectra and curve fittings 

as aforementioned. As a result of the curve fittings, the product of electrode surface area (S) and 

Rct and η were being measured; these values are summarized in Table 4.6.  From the measured Rct, 

i0 can be readily computed by using Eq. (2-24). In addition, k0 can be calculated by assuming α is 

0.5 based on the observation from CV experiments that Ce3+/Ce reaction follows reversible 

behaviors with a weak diffusion effect (at slow scan rates). Table 4.7 provides a list of i0 and k0 

calculated from Rct. Figure 4.11 plots the exchange current densities of Ce3+/Ce reaction which 

can be characterized with concentrations and temperatures. The results indicate that i0 values with 

0.5 wt% of CeCl3 are in between 0.0076 A cm-2 and 0.016 A cm-2, agreeing well with repeated 

experimental runs.  By increasing the concentration of CeCl3 to 4 wt%, the exchange current 

density appears to increase up to 0.18 A cm-2. Marsden and Pesic [61] reported the exchange 

current density of CeCl3 at 4 wt% concentration using the linear polarization method, ranging from 
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Figure 4.9 Nyquist plot for 0.5 wt % of CeCl3 in LiCl-KCl at 723 K on a tungsten electrode. 

The frequency was from 50 kHz to 50 mHz, and the amplitude of applied sinus potential was 

10 mV. Applied potentials were ranging from -2.169 to -2.174 V with an equilibrium 

potential of -2.169 V. 
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0.01 A cm-2to 0.2 A cm-2. The values of i0 from this study are slightly higher, but both studies 

show similar range of values for the i0 of CeCl3 in LiCl-KCl salt.  
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Figure 4.10 Measured and fitted Nyquist plots at temperatures of 698, 723, 748, 773, and 798 

K: (a) 0.5 wt % CeCl3; (b) 2 wt % CeCl3; and (c) 4 wt % CeCl3. 
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Table 4.5 Steps for the measurements of EIS spectra and curve fitting 

Step Description 

1 Clean the working electrode by applying an oxidative potential (-0.1 V vs. 

Ag/AgCl) for 3 minutes and wait until OCP becomes stable, 

2 Measure EIS at equilibrium potential, 

3 If spectra start showing the double layer capacitance and Warburg 

impedance, move next step. If not, move to Step 1 and increase the applied 

overpotential, 

4 Find the minimum overpotential and repeat the measurements 3 times at the 

same overpotential, 

5 Fit the measured curve by Randomize and Simplex method in Z-fit software 

(Bio-Logic), 

6 Adjust values in the equivalent parameters for the best fit and obtain Rct, and 

7 Calculate i0 and k0 by using Eq. (2-24). 
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Figure 4.11 Plots of exchange current densities versus inverse temperature from various 

experiment sets at CeCl3 concentrations of 0.5 wt%, 2wt%, and 4 wt%, compared with 

values measured by Marsden and Pesic [61]. 
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Table 4.6 The applied overpotential (η) and measured charge transfers (Rct) times electrode 

surface area (S) values at different concentrations and temperatures 

CeCl3 0.5 wt %  2 wt % 4 wt % 

T [K] η [V] Rct S 

[Ω cm2]  

η [V] Rct S 

[Ω cm2] 

η [V] Rct S 

[Ω cm2]  

698 0.006 2.63 0.004 0.34 0.003 0.24 

723 0.006 2.29 0.004 0.30 0.003 0.19 

748 0.006 2.09 0.004 0.24 0.002 0.18 

773 0.006 1.62 0.004 0.22 0.002 0.15 

798 0.005 1.45 0.004 0.20 0.001 0.13 

 

Table 4.7 Calculated exchange current density (i0) and rate constant (k0) for the charge transfer 

at different concentrations and temperatures 

CeCl3 0.5 wt % 2 wt % 4 wt % 

T [K] 

 

i0  

[A  cm-2]  

k0  

[× 105 cm s-1] 

i0  

[A  cm-2]  

k0  

[× 105 cm s-1] 

i0 

 [A  cm-2]  

k0 

 [× 105 cm s-1] 

698 0.0076 0.450 0.058 1.71 0.086 1.69 

723 0.0091 0.536 0.068 1.99 0.107 2.20 

748 0.0103 0.610 0.088 2.57 0.112 2.44 

773 0.0137 0.817 0.098 2.88 0.146 3.03 

798 0.0158 0.944 0.113 3.33 0.177 3.69 

 

 Based on the given data sets, Arrhenius temperature dependence form can be applied to 

further looking into temperature effects on the exchange current density using the expressing i0 = 

I0 exp(-Ea/RT) where I0 is the pre-exponential factors (often referred to as an exchange current 

density at an infinite temperature). Figure 4.12 shows a plot of the natural logarithm of i0 against 

the inverse temperature. Here, a straight line can be seen for all three different CeCl3 

concentrations. Ea and I0 were calculated from the slope of the straight lines and the intercept of ln 

i0, respectively. Ea values for Ce3+/Ce were 34.5, 30.9, and 32.4 kJ mol-1 (R2 > 0.98) for 0.5 wt%, 

2 wt% and 4 wt%, respectively. These values are similar to the activation energy for U3+/U 

measured by Rose et al. [50], which is 34.5 kJ mol-1. As expected, higher activation energy is 

required for the charge transfer at lower concentration of CeCl3. Interestingly, the activation energy 

values from the diffusion coefficients shown in Table 4.2 are within similar range in comparing to 

those for the charge transfer, but behave in an opposite trend. That is, the activation energy for the 

diffusion increases with increasing CeCl3 concentration, suggesting that it would be due to 

interaction between particles at high concentration. Dimensionless quantities of i0/I0 are plotted 

versus exp(-Ea/RT) in Figure 4.13. Marsden and Pesic [61] reported the values of i0 in a broad 

range, so that values were averaged, calculated, and superimposed onto Figure 4.13 for 

comparison. All exchange current density values from three different concentrations are laid on a 

single straight line. Although the data point at 773 K in the study by Marsden and Pesic [61] is 
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slightly off from the trend line, it is shown here that the exchange current densities from both 

studies exhibit a similar trend on temperature effect. 
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Figure 4.12 Plot of ln (i0) versus inverse temperature showing Arrhenius dependency. 

 

0.005 0.010 0.015 0.020

0.005

0.010

0.015

0.020

 0.5 wt%

 2 wt%

 4 wt%

 Ref. [61]

i 0
/I

0

Exp(-E
a
/RT)

 
 

 

Figure 4.13 Plot of i0/I0 versus exp(-Ea/RT). 
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4.1.3.3 Analysis on practical application 

 The results of this work provide the fact that cerium is a good surrogate material for 

uranium since they show similar electrochemical and thermodynamic behaviors in LiCl-KCl 

eutectic salt. By comparing the properties of cerium with those of uranium reported in the 

literatures, both are very stable in the trivalent form in LiCl-KCl salt and are reduced to metal form 

by gaining three electrons at certain potentials. However, the standard reduction potential of UCl3 

is ranging from -2.4 to -2.6 V versus Cl2/Cl- reference electrode [37-39, 42], which is about 0.7 V 

more positive than the standard reduction potential for CeCl3. The diffusion coefficients for UCl3 

in LiCl-KCl molten salt have been reported by many researchers [30, 37-39, 42, 48, 66], which 

are shown in the Figure 4.14. Although the values for UCl3 are generally higher than those for 

CeCl3, the diffusion coefficients for both UCl3 and CeCl3 are in the same order of magnitude and 

can be correlated with the temperature. The activation energies for the diffusion of UCl3 have been 

reported, ranging from 24.2 to 34.4 kJ mol-1 [37, 39], which is in a good agreement with the 

activation energy for CeCl3. The similarity between both the activation energies for the diffusion 

may be owing to the similar ionic size of uranium and cerium.  
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Figure 4.14 Plot of diffusion coefficients for UCl3 from other studies, comparing with the 

diffusion coefficients of CeCl3 in this study. 
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 The exchange current densities of uranium in the molten salt have been reported with few 

different methods [48-50]. As shown in Figure 4.15, the reported i0 values for U3+/U reaction are 

scattered in the order from 10-2 to 10-1; thus, it is difficult to compare each data or observe its trend. 

The main reason of the deviation could be that the authors performed the different methods to 

measure i0 at different temperatures and concentrations (including other aforementioned 

challenges). Therefore, further study is necessary to determine the exchange density for U3+/U 

reaction, and observe its trend regarding the concentration and temperature. EIS technique in this 

study shows an alternative method in determining i0 of CeCl3 and can also be an important tool to 

investigate the exchange current density of UCl3 in LiCl-KCl eutectic salt.  

 

 

4.1.4 Conclusions 

 Electrochemical properties of CeCl3 in LiCl-KCl eutectic salt at different concentrations 

and temperatures have been studied by using CV and EIS techniques. From the CV experiments, 

three-electron exchange was observed for the Ce3+/Ce reaction. The diffusion coefficients of CeCl3 

in LiCl-KCl were measured and calculated to be from 0.48×10-5 to 1.01 ×10-5 cm2 s-1, which can 

be correlated with temperature using Arrhenius expression. The results reveal that the 

concentration of CeCl3 has a weak effect on the diffusion coefficients. Comparing with the 

resulting values for UCl3, the diffusion coefficients of CeCl3 are slightly smaller than those of 

UCl3. Apparent standard potentials were also computed by using peak potentials from the CV 

experiments, which were linearly dependent on temperature. EIS experiments were performed to 

determine exchange current density of Ce3+/Ce couple in LiCl-KCl molten salt system. Minimum 
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Figure 4.15 Plot of the exchange current densities for U3+/U reaction from other research 

studies comparing with those of Ce3+/Ce measured in this study. 
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η was applied for Ce reduction to happen and the charge transfer resistance was measured to 

calculate the exchange current density. The exchange current densities range from 0.0076 A cm-2 

and 0.18 A cm-2, which can be related to temperature and concentration. From Arrhenius 

temperature dependence, the activation energy for Ce3+/Ce exchange was determined though EIS 

data, which is in the same range obtaining through CV data sets and in similar range with the 

activation energy for U3+/U [50].  By plotting dimensionless quantities of the exchange current 

density, the exchange current densities of Ce3+/Ce reaction in this work are in good agreement with 

those measured by linear polarization method [61]. In comparison with the exchange current 

densities of U3+/U measured by other researchers, the values for Ce3+/Ce are in a similar order, but 

a meaningful comparison is hard to be made due to the dispersed data for uranium.  

 

4.2 Electrochemical and Thermodynamic Properties of CeCl3 on Liquid Cadmium Cathode 

(LCC) in LiCl-KCl Eutectic Salt2 

4.2.1 Introduction  

 The biggest advantage of pyroprocessing is to provide a strong resistance for nuclear 

proliferation, which is because of the production of mixed fuel including U, Pu, and MA. This 

mixed fuel is produced in the ER system by using LCC electrode because the activity of the fission 

products become very small in LCC. Therefore, the operation of the LCC plays an important role 

in the feasibility of electrochemical processes toward material accountability and safeguarding of 

ER [29]. Several studies have been done to understand electrochemical and thermodynamic 

features of U, Pu, and MAs on the LCC. Shirai and co-workers [32, 67] investigated the reaction 

of U3+/U and Pu3+/Pu couples on the LCC. The redox reaction for both couples were almost 

reversible, and the reduction potential on the LCC showed more positive values than that at the 

molybdenum electrode. Murakami  and co-workers [31] measured diffusion coefficients of 

actinides and rare earth elements with LCC by performing chronopotentiometry (CP) in LiCl-KCl 

at temperature ranging from 723 K to 823 K. Castrillejo et al. [29, 68, 69] investigated the activities 

and Gibbs energy of rare earth materials in both Cd and Bi liquid electrodes.  

 However, only few elements in the electrorefiner have been examined with LCC, and there 

are still many actinides and lanthanides need to be explored in terms of electrochemical and 

thermodynamic properties on the interface between the LiCl-KCl molten salt and the LCC. In 

addition, the i0 of the elements, which is necessary for the kinetic model, has not been reported. 

Therefore, Ce was selected as a surrogate material in this study for a purpose of accumulating 

electrochemical and thermodynamic data sets which can be meaningfully compared with those 

                                                           
2 Contents in Section 4.2 are cited from the author’s publication:  

D. Yoon and S. Phongikaroon, and Jinsuo Zhang, “Electrochemical and Thermodynamic Properties of CeCl3 on 

Liquid Cadmium Cathode (LCC) in LiCl-KCl Eutectic Salt,” Journal of The Electrochemical Society, 163(3), E97-

E103 (2016). 
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from other researchers and developing an experimental method to measure the i0 of actinides on 

the LCC. Few electrochemical and thermodynamic properties of Ce have been reported on the 

LCC in the LiCl-KCl eutectic salt. Kim et al. [64] explored Ce reduction process and large potential 

difference were observed between tungsten electrode and LCC due to the Ce activity change with 

intermetallic compound formations in LCC. Shibata and co-workers [70] measured the Gibbs free 

energies and other thermodynamic properties of the Ce-Cd intermetallic compounds using an open 

circuit chronopotentiometry. These values will provide useful insight into features of Cd 

distillation from Cd-MA alloys. However, electrochemical behaviors of CeCl3 on the LCC have 

not been well explored and understood. In addition, there is not enough data on the thermodynamic 

properties of the intermetallic compounds to be compared. 

 The characteristic of i0 were studied on the solid cathode in LiCl-KCl salt by Marsden and 

Pesic [61] as mentioned in Section 4.1. However, significant differences would be expected using 

LCC since the properties of actinides are dramatically changed in the LCC (for an example, an 

activity of Ce and formation of intermetallic compounds in Cd). In this section, Tafel plot and LP 

methods were selected to estimate the value of i0 on the LCC. For soluble-insoluble reactions, the 

main disadvantage of those techniques is the measurement of apparent electrode surface area when 

the metal elements are deposited on the solid cathode. However, identical surface condition of 

liquid cadmium was observed with the naked eye after Ce metal was deposited on the LCC due to 

the fact that deposited metal was readily diffused into the LCC. Therefore, the steady surface area 

can be expected on the LCC during the Tafel and LP measurements. 

 The main goal of this section is to explore the electrochemical methods to estimate the 

electrochemical and thermodynamic properties of CeCl3 on the LCC in LiCl-KCl molten salt. CV 

experiments were performed to investigate the electrode reaction of the Ce3+/Ce couple, and 

determine diffusion coefficient of Ce3+ on the LCC. The cyclic voltammogram of LiCl-KCl-CeCl3-

CdCl2 was obtained to confirm the intermetallic compound formations of Ce with Cd. Then, the 

open circuit chronopotentiometry was performed to measure the Gibbs free energy and other 

thermodynamic properties of the Ce-Cd intermetallic compounds. Finally, Tafel and LP plots were 

obtained with increasing Ce concentration in Cd to determine i0 of Ce on the LCC regarding to 

Ce-Cd phase formation. 

 

4.2.2 Detailed Experimental Setup and Preparation 

 The amount of cerium chloride (0.26 g ± 0.1 mg) was weighed and added into 25 g ± 0.18 

mg of the LiCl-KCl salt, which is equivalent to 1 wt% of CeCl3 in the LiCl-KCl salt. For the 

experiment of Ce-Cd intermetallic compounds, 0.022 g ± 0.1 mg of cadmium chloride was added 

to the LiCl-KCl-1wt% CeCl3 yielding CeCl3 and CdCl2 mole fractions of 2.36 × 10-3 and 2.68 × 

10-4, respectively. The prepared sample was loaded in the high purity alumina crucible (25 mm ID 

× 40 mm H). Figure 4.16 shows a schematic design of the electrode assembly in the cell. The 

glassy carbon rod was immersed as the counter electrode. Ag/AgCl (1 mol%) reference was used 

as the reference electrode. As the working electrode, liquid Cd was used. The Cd metal shots were 
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delivered in a regular polyethylene bottle; thus, the surface of Cd shots were partially oxidized. 

For purification of the oxidized Cd prior to the experiments, Cd shots were melted in a closed-end 

Pyrex tube to separate the pure Cd from the oxidized layer. When Cd was melted, the oxide form 

of Cd (yellow color) floated on the surface of liquid Cd. A Pyrex tube (4 mm in OD) was inserted 

into the Cd below the oxide layer and a syringe was used to draw the pure liquid Cd up into the 

tube. The Cd in the tube was cooled to room temperature. As a result, a pure Cd rod was obtained 

from the tube indicated by observing clean silver color of the Cd rod as shown in Figure 4.17.  

 For utilizing the liquid Cd in the electrochemical experiments, the pure Cd rods were 

contained in a Pyrex tube (8 mm ID × 18 mm H, see the inserted photo in Figure 4.16), which was 

contacted with molybdenum wire (Alfa Aesar, 0.5 mm in diameter). When the Cd was melted in 

the furnace, the surface of the LCC was observed in the shape of a dome owing to  high surface 

tension of liquid cadmium (600 dynes cm-1 at 773 K [71]) in the Pyrex tube crucible. As shown in 

Figure 4.18(a), the surface shape was conserved when liquid cadmium was cooled quickly to room 

temperature. The diameter and the height of the half elliptical shape were measured as 8 mm and 

2.25 mm, respectively (see Figure 4.18(b)). By assuming that the surface of the LCC is an ideal 

oblate spheroid, the surface area can be computed by the following formula [72],   

 

S = πa2

(

 1 +
(
c
a)
2

2√1 −
c2

a2

ln

(

 
1 + √1 −

c2

a2

1 − √1 −
c2

a2)

 

)

  

(4-3) 

where S is the surface area of the LCC, a is the radius of spheroid, and c is the height of the half 

spheroid. The surface areas of Cd were calculated ranging from 0.729 cm2 to 0.733 cm2 depending 

on experimental runs.  
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Figure 4.16 A schematic design of the experimental setup for electrochemical experiments. 

 

 

 

Figure 4.17 Purified Cd rods under argon environment. 
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4.2.3 Results and Discussion 

4.2.3.1 Cyclic voltammetry (CV) of the LiCl-KCl-CeCl3 on the LCC 

 CV experiments were conducted in a LiCl-KCl-1 wt% CeCl3 system at temperatures from 

723 ± 1K to 798 ± 1 K. Figure 4.19 shows representative CV curves of CeCl3 with a 100 mV s-1 

scan rate at 748 K. Curve (1) was obtained in a pure LiCl-KCl salt, in which Li reduction starts 

approximately from -1.3 V versus 1 mol% Ag/AgCl reference electrode. This is mainly due to 

very small activity coefficient of metals in Cd. Lewis and Johnson [73] reported activity 

coefficients of Li in Cd, ranging from 1.8 × 10-3 to 2.6 × 10-3 over a concentration range of 0.06 – 

7.0 atom% in Cd. Therefore, Li co-deposition can be expected in reduction process with the LCC. 

Curve (2) is cyclic voltammogram for CeCl3, but Li was deposited simultaneously. Therefore, 

curve (1) (background current) needs to be subtracted from curve (2), so that Li deposition effect 

can be removed from the curve (2). This is shown by curve (3) attributing only to Ce reduction 

and oxidation on the LCC. This background subtraction method has been widely used by several 

researchers [29, 64, 68], and can be utilized based on the assumption that the interaction between 

Li and Ce is week and can be neglected. Table 4.8 briefly summarizes the procedure of the CV 

experiments on LCC electrode in LiCl-KCl eutectic salt.  

 Figure 4.20(a) combines the cyclic voltammograms of CeCl3 on the LCC with increasing 

scan rate from 0.08 V s-1 to 0.2 V s-1. The cathodic peak potential stays at near the same potential 

below the scan rate of 0.2 V s-1 while the peak potential starts shifting toward negative potential 

when the scan rate was faster than 0.2 V s-1, representing the reversibility of Ce3+/Ce reaction 

below the 0.2 V s-1 scan rate. Figure 4.20(b) shows linear dependence between the cathodic peak 

current and the square root of the scan rate. The diffusion coefficient of CeCl3 in LiCl-KCl salt 

can be calculated from the slope by using the Berzins-Delahay relationship, Eq. (2-13), which is 

applicable for a diffusion controlled process with a soluble-insoluble reversible system. 

 

Figure 4.18 Solid cadmium cooled fast to room temperature in a Pyrex crucible and (b) a 

sketch showing measured dimensions of half elliptical dome. 
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Figure 4.19 Cyclic voltammograms of a LiCl-KCl-1 wt% CeCl3 solution on the LCC at 748 K 

with the surface area of 0.729 cm2. 
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Figure 4.20 (a) The cyclic voltammogram of a LiCl-KCl-1 wt% CeCl3 after subtraction of 

background current of LiCl-KCl, and (b) peak cathodic currents as a function of the square root 

of the scan rate. The surface area was 0.729 cm2. 
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Table 4.8 Steps for the measurements of CV data using LCC 

Step Description 

1 Load the pure Cd rods into the Pyrex crucible, 

2 Lower the electrode assembly into the salt and wait until Cd is melted, 

3 Clean the LCC surface by applying an oxidative potential (-0.7 V vs. 

Ag/AgCl for avoiding Cd oxidation) for 3 minutes, 

4 Wait for 1 ~ 3 minutes until the OCP becomes stable, 

5 Perform CV measurements at least 5 cycles, 

6 Obtain the data if the CV curves are repeatable, 

7 Repeat Steps 1 – 6 for next CV measurement, 

8 Subtract LiCl-KCl base line in order to eliminate Li reduction effect, and 

9 Measure the peak currents and calculate the values of D using Eq. (2-13). 

 

 The diffusion coefficients of Ce3+ ranged from 2.9 × 10-6 cm2 s-1 to 5.1 × 10-6 cm2 s-1 at 

temperatures from 723 to 798 K. Figure 4.21 shows the diffusion coefficients of CeCl3 on the LCC 

versus 1000/T, which are superimposed on the diffusion coefficients of Ce3+ on tungsten electrode 

measured in Section 4.1. The diffusion coefficients on the LCC were almost half of the values of 

the diffusion coefficients on the tungsten electrode. Gha-Young and co-workers [30] also had a 

similar trend with uranium chloride. That is, diffusion coefficient of uranium on LCC was about 

one tenth of the diffusion coefficient on solid cathode. This reduced values may be attributed from 

Li co-deposition and mass transfer limit from the LCC structure. It is assumed that as Li is reduced 

along with Ce on LCC, diffusion of Ce3+ is interfered by the interaction between Ce and Li ions. 

In addition, to utilize LCC, the liquid cadmium was loaded in a Pyrex crucible having an upward 

surface area exposure to the molten salt LiCl-KCl. Therefore, mass transfers caused by electric 

force and convection are being restricted only through that exposure liquid cadmium surface. 

These speculated observations may be the main reasons for the small diffusion coefficient values. 

To date, the value of diffusion coefficient on LCC has not been measured well by researchers. 

Thus, diffusion coefficient on LCC needs to be further explored and understood in various 

experimental conditions. Generally, diffusivity is dependent on temperature change, which can be 

examined by Arrhenius temperature relationship. By plotting logarithm of diffusion coefficient 

against inverse temperature, Ea can be readily calculated from the slope. The activation energy for 

diffusion process of CeCl3 on the LCC was 36.12 kJ mol-1, which is slightly higher than the 

activation energies for Ce diffusion on the tungsten electrode reported by several researchers [61, 

74]. This result also supports the idea of the slower diffusion process on the LCC as mentioned 

previously. The results of the diffusion coefficient on LCC in the present study motivate further 

investigations on understanding the difficulty of mass transfer onto LCC. Theoretically, diffusion 

coefficient is only function of temperature and species.  
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4.2.3.2 Open circuit chronopotentiometry in LiCl-KCl-CeCl3-CdCl2 

 It has been known that Ce forms six different intermetallic compounds with Cd (CeCd, 

CeCd2, CeCd3, Ce13Cd58, CeCd6, and CeCd11) [75], which could be readily observed by 

performing CV experiments in LiCl-KCl-CeCl3-CdCl2 molten salt. Figure 4.22 shows a cyclic 

voltammogram of CeCl3 deposited on a Cd film at a 50 mV s-1 scan rate at 773 K. During the 

reduction process from 0 V to -2.2 V versus Ag/AgCl reference electrode, the Cd film was formed 

first on the tungsten electrode and then Ce starts to be deposited on top of the Cd film. In this 

process, Ce-Cd intermetallic compounds have been gradually formed. When potential was swept  

in the oxidation direction, Ce metal in the intermetallic compounds was dissolved back into the 

salt. By decreasing the amount of Ce metal on the film, the formation of Ce-Cd intermetallic 

compound varies subsequently from CeCd to CeCd11, which can be clearly observed as oxidation 

peaks from P1 to P6 in Figure 4.22. However, P3 was combined with P2 due to the relatively fast 

scan rate making it difficult be identified. Thus, it was considered that at slower scan rate than 50 

mV s-1, all six peaks corresponding to Ce-Cd intermetallic compounds would be separately shown 

in a cyclic voltammogram.  

 The thermodynamic properties of these Ce-Cd intermetallic compounds can be examined 

by performing the open circuit chronopotentiometry (OCC), which has been considered as a 

suitable technique to determine thermodynamic properties of intermetallic compound formations 

[29, 64, 68-70]. Figure 4.23 is an example of the chronopotentiogram, showing a transient potential 

curve with respect to the Ce-Cd binary phase. In advance, the tungsten electrode was coated with 

Cd and Ce metals by applying potential at -2.2 V for 25 second. Then, the chronopotentiometry  
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Figure 4.21 Plot of the diffusion coefficients of Ce3+ on the LCC versus inverse 

temperature, comparing with values on the tungsten cathode measured in Section 4.1. 
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was conducted with positive current applied at 1 μA. By dissolving Ce metal from Cd film to the 

bulk salt, cathodic potential was shifted toward the positive direction. The routine methods for 

measuring the OCC are explained in Table 4.9. Regarding  variation of the Ce-Cd phase formation, 

totally six potential plateaus were observed. These potential plateaus can correspond to two-phase 

coexisting state: CeCd-CeCd2, CeCd2-CeCd3, CeCd3-Ce13Cd58, Ce13Cd58-CeCd6, CeCd6-CeCd11, 

and CeCd11-Cd. When two phases are coexisting on the electrode surface, the activity of Ce is 

fixed by equilibrium [29]. Therefore, potential difference at each plateau was measured based on 

an OCP of a Ce electrode, then the relative partial molar Gibbs free energies and activities of Ce 

in binary phase state were calculated by using the following equations;          

 ∆GCe = −3F∆E (4-4) 

 
emf = ∆E = −

RT

3F
lnαCe,Cd 

(4-5) 

where ∆GCe is the relative partial molar Gibbs free energy of Ce (kJ mol-1), ∆E is the potential 

difference between OCP and each plateau (V), and αCe,Cd is the activity of Ce in Cd. The 

chronopotentiometry was repeated several times with same experimental conditions for 

confirming the reproducibility of the data, and the uncertainty was verified by using standard 

deviation for each experiment. Table 4.10 provides a summary of ∆GCe and αCe,Cd.  The values of 

metal activity in Cd becomes smaller when Cd is more prevalent in LCC. For instance, activity of 

Ce in the phase of Ce-CeCd11 has its value in the order of 10-11 while that in the CeCd-CeCd2 

coexisting phase is in the order of 10-2.  It should be mentioned that the reduction potentials of 
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Figure 127.22 A cyclic voltammogram of LiCl-KCl-CeCl3-CdCl2 with the scan rate 

of 50 mV s-1. Concentrations of CeCl3 and CdCl2 were 6.86 × 10-5 mol cm-3 and 7.81 

× 10-6 mol cm-3, respectively. 
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actinide and lanthanide elements come together closely on the LCC at the beginning of the 

electrorefining process, and will be gradually detached by depositing more elements in the LCC. 

This result will give an insight into determining a proper rate and time of LCC electrorefining 

process considering non-proliferation feature of pyroprocessing technology. 

 

 
 

Table 4.9 Summary of the measurement step for OCC method  

Step Description 

1 Prepare LiCl-KCl-1wt%CeCl3-0.09wt% CdCl2, 

2 Lower the electrode assembly (working:  tungsten, counter: glassy carbon), 

3 Apply constant potential at -2.2 V vs. Ag/AgCl for 25 seconds, 

4 Perform apply positive current a 1 μA (OCC), 

5 Obtain plateaus corresponding to the Ce-Cd intermetallic compounds, 

6 Measure the potential difference between the plateaus and OCP, and 

7 Calculate thermodynamic data of the Ce-Cd intermetallic compounds 
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Figure 4.23 An example of the open circuit chronopotentiogram of Ce at Cd-coated tungsten 

electrode at 773 K. The applied current was 1 μA. 
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Table 4.10 The partial molar Gibbs free energies and activities of Ce in two-phase coexisting 

state at various temperatures 

T [K] ∆ECe-Cd [V vs Ce3+/Ce] ∆GCe [kJ mol-1] αCe, Cd 

In the region of the co-existing CeCd and CeCd2 phases 

698 

723 

748 

773 

798 

823 

0.097 ± 0.0008 

0.092 ± 0.002 

0.090 ± 0.002 

0.092 ± 0.003 

0.088 ± 0.001 

0.081 ± 0.002 

-28.2 ± 0.23 

-26.2 ± 0.45 

-26.0 ± 0.42 

-26.7 ± 0.84 

-25.4 ± 0.36 

-23.3 ± 0.43 

7.73 ± 0.03 × 10-3 

1.19 ± 0.008 × 10-2 

1.53 ± 0.009 × 10-2 

1.57 ± 0.02 × 10-2 

2.17 ± 0.01 × 10-2 

3.30 ± 0.02 × 10-2 

In the region of the co-existing CeCd2 and CeCd3 phases 

698 

723 

748 

773 

798 

823 

0.218 ± 0.0007 

0.210 ± 0.001 

0.209 ± 0.002 

0.211 ± 0.003 

0.207 ± 0.006 

0.203 ± 0.002 

-63.1 ± 0.21 

-60.9 ± 0.49 

-60.7 ± 0.55 

-61.0 ± 0.83 

-59.9 ± 0.16 

-58.3 ± 0.51 

1.91 ± 0.03 × 10-5 

4.06 ± 0.07 × 10-5 

5.73 ± 0.1 × 10-5 

7.53 ± 0.2 × 10-5 

1.20 ± 0.06 × 10-4 

1.98 ± 0.03 × 10-4 

In the region of the co-existing CeCd3 and CeCd58/13 phases 

698 

723 

748 

773 

798 

823 

0.413 ±  0.001 

0.414 ± 0.002 

0.407 ± 0.003 

0.405 ± 0.003 

0.398 ± 0.006 

0.391 ± 0.004 

-119.6 ± 0.36 

-119.8 ± 0.83 

-117.8 ± 0.87 

-117.2 ± 0.76 

-115.2 ± 0.16 

-112.9 ± 0.54 

1.11 ± 0.03 × 10-9 

2.19 ± 0.04 × 10-9 

5.97 ± 0.4 × 10-9 

1.19 ± 0.06 × 10-8 

2.89 ± 0.3 × 10-8 

6.83 ± 0.2 × 10-8 

In the region of the co-existing CeCd58/13 and CeCd6 phases 

698 

723 

748 

773 

798 

823 

0.471 ± 0.0007 

0.458 ± 0.0006 

0.453 ± 0.002 

0.451 ± 0.003 

0.448 ± 0.009 

0.439 ± 0.002 

-136.3 ± 0.21 

-132.4 ± 0.19 

-131.0 ± 0.67 

-130.6 ± 0.89 

-129.6 ± 0.25 

-126.8 ± 0.48 

6.30 ± 0.1 × 10-11 

2.67 ± 0.04 × 10-10 

7.08 ± 0.3 × 10-10 

1.47 ± 0.09 × 10-9 

3.30 ± 0.06 × 10-9 

8.98 ± 0.3 × 10-9 

In the region of the co-existing CeCd6 and CeCd11 phases 

698 

723 

748 

773 

798 

823 

0.544 ± 0.001 

0.529 ± 0.00 

0.515 ± 0.002 

0.499 ± 0.003 

0.483 ± 0.002 

0.469 ± 0.001 

-157.4 ± 0.30 

-153.2 ± 0.31 

-149.1 ± 0.45 

-144.5 ± 0.91 

-139.7 ± 0.47 

-135.4 ± 0.41 

1.65 ± 0.05 × 10-12 

8.54 ± 0.2 × 10-12 

3.86 ± 0.1 × 10-11 

1.72 ± 0.1 × 10-10 

7.12 ± 0.3 × 10-10 

2.52 ± 0.07 × 10-9 

In the region of the co-existing CeCd11 and Cd phases 

698 0.573 ± 0.0007 -165.7 ± 0.21 3.95 ± 0.08 × 10-13 
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723 

748 

773 

798 

823 

0.555 ± 0.001 

0.540 ± 0.001 

0.521 ± 0.003 

0.502 ± 0.001 

0.487 ± 1.4 × 10-3 

-160.5 ± 0.29 

-156.4 ± 0.16 

-150.7 ± 0.76 

-145.4 ± 0.42 

-140.7 ± 0.41 

2.53 ± 0.07 × 10-12 

1.20 ± 0.03 × 10-11 

6.52 ± 0.1 × 10-11 

3.02 ± 0.03 × 10-10 

1.18 × 10-9 

 

The standard Gibbs free energy of Ce-Cd intermetallic compound formation can be calculated 

by the given relation [29, 68]:  

 
∆Gf

0(Cex2Cd) = ∫ ∆E(x)dx + 
x2

x1

∆Gf
0(Cex1Cd) 

(4-6) 

where ∆G0
f is the standard Gibbs free energy of formation of Ce-Cd intermetallic compounds. The 

x1 and x2 are stoichiometric coefficients of Ce (x1, x2 = 1, 1/2, 1/3, 13/58, 1/6, 1/11, x1 > x2). Based 

on the calculations, Figure 4.24 displays the variation of the Gibbs free energy for the formation 

of six different intermetallic compounds with the temperature changing from 698 K to 823 K. The 

molar enthalpy and entropy for the formation can be calculated from the linear dependence of 

Gibbs free energy, which is expressed as    

 ∆GCe
0 = ∆HCe

0 − T∆SCe
0  (4-7) 

   

 
where ∆H0

Ce and ∆S0
Ce are the enthalpy (kJ mol-1)and entropy (J mol-1 K-1) for the formation, 

respectively. The R2 values were all greater than 0.986 indicating that the fitted regression lines 

agree well with points of Gibbs free energies. Summary of the enthalpy and entropy of Ce-Cd 

intermetallic compound formations with equations used for the calculations is listed in Table 4.11. 
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Figure 4.24 Variation of the Gibbs free energies of Ce-Cd intermetallic compound formations 

as a function of temperature. 
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The results obtained for the Ce-Cd intermetallic compounds in the present study show slightly 

smaller values compared with those reported by Kim et al. [64] and Shibata et al. [70], but follow 

similar linear trends for each intermetallic compound.  

 

Table 4.11 The enthalpies and entropies of Ce-Cd intermetallic compound formations 

Formation reaction of 

intermetallic compounds 

Equation for ∆ G0
f ∆H0

f 

[kJ mol-1] 

∆S0
f 

[J mol-1 K-1] 

Ce + 11Cd → CeCd11 −3𝐹∆𝐸6 -304.3 ± 2.7 -198.6 ± 3.6 

Ce + 6 Cd → CeCd6 5

11
[
6

5
∆𝐺𝑓,𝐶𝑒𝐶𝑑11

0 − 3𝐹∆𝐸5] 
-293.1 ± 1.9 -187.8 ± 2.5 

Ce + 13
58

Cd → CeCd58/13  
20

78
[
58

20
∆𝐺𝑓,𝐶𝑒𝐶𝑑6

0 − 3𝐹∆𝐸4] 
-264.7 ± 2.1 -157.0 ± 2.9 

Ce+3Cd → CeCd3 19

58
[
39

19
∆𝐺𝑓,𝐶𝑒𝐶𝑑58

13

0 − 3𝐹∆𝐸3] 
-228.9 ± 0.6 -122.1 ± 0.8 

Ce + 2Cd → CeCd2 1

3
[2∆𝐺𝑓,𝐶𝑒𝐶𝑑3

0 − 3𝐹∆𝐸2] 
-179.8 ± 1.5 -90.5 ± 1.9 

Ce + Cd → CeCd 1

2
[∆𝐺𝑓,𝐶𝑒𝐶𝑑2

0 − 3𝐹∆𝐸1] 
-115.3 ± 2.5 -61.4 ± 3.3 

 

4.2.3.3 Linear polarization (LP) and Tafel methods on LCC in LiCl-KCl-CeCl3 

 Tafel plot and LP methods were conducted for the measurement of the i0 of Ce3+/Ce couple 

on LCC in LiCl-KCl molten salt. All experiments were done with an incremental increase in mole 

fraction of Ce by adding pure Ce metal in liquid Cd. The mole fraction was varied from 0.0013 to 

0.0303 (from 0.0016 to 0.0375 in weight fraction). For both techniques, a very slow scan rate (0.5 

mV s-1) was used for the purpose of obtaining the pure charge transfer kinetic which is directly 

related to the nature of i0. The measurement methods for both LP and Tafel are described in Table 

4.12.  

Eqs. (2-27) and (2-28) can be used to estimate the i0 of Ce on the LCC from the Tafel and 

LP methods, respectively. Figure 4.25 shows Tafel plots for the reduction and oxidation of Ce3+/Ce 

couple on LCC in LiCl-KCl salt at 773 K. Significant asymmetry was observed between reduction 

and oxidation regions. In reduction region, Tafel curves are approaching the mass-transfer-limited 

current by an extreme reduction of Ce metal on the LCC while curves in oxidation region follow 

Tafel behavior. Thus, only oxidation regions of Tafel results were used for i0 measurements. Once 

the desired amount of Ce metal was dissolved into the liquid cadmium, Tafel measurements were 

started from oxidation region. In the oxidation part of the Tafel plots, linear dependences of 

current-overpotential were observed at overpotential ranging from 50 mV to 110 mV. Therefore, 

linear fits were done at the overpotential range, and the intercepts of log (i) were determined for 

the calculation of i0. Figure 4.26 plots current-potential curves in very small overpotential regions 

(< 10 mV). The Ce3+/Ce redox potential was shifted toward negative direction with increasing Ce 

concentration in Cd, but maintained at similar potential when Ce was saturated. The current shows 
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linear dependence to the potential representing charge transfer resistance; therefore, Eq. (2-28) 

was used to calculate the i0 of Ce. Figure 4.27 compares the results of i0 with respect to increasing 

mole fraction of Ce in Cd from both Tafel and LP methods, and the values are listed in Table 4.13. 

The results from both methods show the relative difference less than 20%, but their trends of i0 

against mole fraction of Ce in Cd are in good agreement. Interestingly, when Ce concentration is 

lower than its solubility in Cd, i0 of Ce is linearly dependent on Ce concentration (Ce solubility 

limit in Cd is 0.006 in mole fraction [76]). That is, i0 linearly increases with increasing 

concentration of Ce in Cd until Ce mole fraction is less than 0.006. However, as Ce fraction 

exceeds its solubility limit in Cd, a nearly steady i0 of Ce was observed. This may be attributed to 

the equilibrium state in the phase (Cd-CeCd11), which can be explained along with the flat plateaus 

obtained in the Gibbs free energy study in the present study. The activity of Ce is fixed in the two 

phases co-existing state; therefore, this results in the constant values of i0 beyond the Ce solubility 

limit in Cd (two phases co-existing between Cd-CeCd11). It could be considered that the value of 

i0 will increase with phase change to CeCd6, Ce13Cd58, CeCd3, and so on, due to the increase in the 

activity of Ce in Cd.  However, the amount of each element deposited into the LCC is not expected 

to be more than 10 wt% in the electrorefining process. Therefore, the value of i0 should follow the 

general trend after the concentration exceeds the solubility limit in liquid Cd. In the case of Ce, 

the i0 of Ce stays at around 0.012 A cm-2 after its solubility in Cd. Unfortunately, there is no 

reported data of i0 on the LCC for any meaningful comparison.  

 

Table 4.12 Description for data acquisition from LP and Tafel methods 

Step Description 

1 Load the pure Cd rods into the Pyrex crucible, 

2 Lower the electrode assembly into the salt and wait until Cd is melted, 

3 Lift the electrode assembly and add Ce metal chip into the LCC, 

4 Lower the assembly and wait until OCP become stable,  

5 Sweep potential from 0.2 V to -0.2 V based on OCP with 0.5 mV s-1 scan 

rate, 

6 Obtain linear LP and Tafel regions, 

7 Calculate i0 of Ce3+/Ce on LCC by using Eq. (2-27) and Eq. (2-28), and 

8 Repeat Steps 3 – 7 for next LP and Tafel measurements. 
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Figure 4.25 Tafel plots for Ce3+/Ce on the LCC with respect to incremental change of Ce 

mole fraction in Cd. The scan rate was 0.5 mV s-1, and the surface area was 0.731 cm2. 
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Figure 4.26 Plots of current versus potential in the region of small overpotential for Ce3+/Ce 

redox in the LiCl-KCl at 773 K at different mole fractions of Ce in Cd. The scan rate of 0.5 

mV s-1 and the surface area of 0.731 cm2 were used for all measurements. 
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Table 4.13 The values of i0 of Ce on Cd measured by both Tafel and LP methods 

Mole fraction of Ce  

in liquid Cd 

i0 [A cm-2]   

Tafel method LP method Relative % difference 

0.0013 0.00292 0.00315 7.8 % 

0.0015 0.00291 0.00293 0.4 % 

0.0027 0.0056 0.0048 14.7 % 

0.0028 0.0065 0.0052 18.4 % 

0.0029 0.0057 0.0060 5.2 % 

0.0044 0.0084 0.0080 4.9 % 

0.0058 0.0091 0.0079 13.9 % 

0.0059 0.008 0.0084 4.9 % 

0.006 0.01 0.0095 6.6 % 

0.0126 0.011 0.010 8.9 % 

0.0142 0.012 0.011 12.7 % 

0.0216 0.012 0.0098 15.9 % 

0.0303 0.0115 0.011 7.3 % 

0.000 0.006 0.012 0.018 0.024 0.030 0.036
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Figure 4.27 Plots of i0 for the Ce3+/Ce couple from both Tafel and LP methods regarding to 

Ce mole fraction in the LCC. The Ce solubility limit in Cd is 0.006 in mole fraction. 
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4.2.4 Conclusions 

 Electrochemical properties of Ce on LCC were investigated in LiCl-KCl eutectic salt via 

CV, OCC, Tafel, and LP techniques. The effect of Li co-deposition could be removed by 

subtracting CV curve of pure LiCl-KCl from the curve of LiCl-KCl-CeCl3. Therefore cyclic 

voltammograms only attributed to Ce3+/Ce redox reaction were obtained. The cathodic peak 

potential stays at almost the same potential within 0.2 V s-1 of scan rate, which reveals the redox 

reaction on the LCC is nearly reversible in the range of scan rates used. The diffusion coefficient 

of Ce on the LCC was measured by using the Berzins-Delahay equation. The values of the 

diffusion coefficient of Ce on the LCC were found to be in the range from 2.9 × 10-6 cm2 s-1 to 5.1 

× 10-6 cm2 s-1; these values are almost half compared with those on the tungsten solid electrode. 

The slow diffusion rate of Ce on the LCC may result from the special structure of the LCC. In the 

cyclic voltammogram of LiCl-KCl-CeCl3-CdCl2, the Ce-Cd intermetallic compound formations 

were verified by obtaining the different anodic peaks. The OCC was performed to determine the 

thermodynamic properties of Ce for Ce-Cd intermetallic compounds, including the Gibbs free 

energy, enthalpy, and entropy of the formation. Furthermore, activity of Ce showed the smallest 

value in phase of Cd-CeCd11, and become larger when Ce fraction increases in Cd. The Tafel and 

LP techniques were conducted to determine i0 of Ce on the LCC. The results from Tafel and LP 

methods agree well each other and show an interesting trend regarding to the Ce mole fraction in 

Cd. Within the solubility limit of Ce in Cd, the i0 of Ce increases with increasing mole fraction of 

Ce in Cd. However, the i0 of Ce was almost unchanged with increasing mole fraction of Ce beyond 

the solubility limit of Ce in Cd. Thus, it can be concluded that the i0 of Ce is also dependent on the 

state of Ce-Cd intermetallic compound phase, and identical i0 could be expected in the same phase 

formation. 

4.3 Summary  

 Sections 4.1 and 4.2 illustrated the developments of the suitable setups and measurement 

methods to understand the behaviors of SNM.  Ce was chosen as a surrogate element for the U. Its 

electrochemical, thermodynamic, and kinetic properties were explored in LiCl-KCl eutectic salts. 

In Section 4.1, CV and EIS techniques were being performed with solid cathode in LiCl-KCl-

CeCl3 salts. Peak currents and potentials from CV measurements were employed to calculate the 

diffusion coefficients of CeCl3 and the apparent standard potentials of Ce3+/Ce in the salt. 

Compared to previous literature, EIS technique was applied to determine the exchange current 

density. Minimum overpotentials for Ce3+/Ce reaction to occur on the electrode surface were 

applied and EIS spectra were measured at that potential. By fitting the EIS spectra to the proposed 

equivalent circuit, the charge transfer impedances for Ce3+/Ce could be measured, which were used 

to calculate the i0 values. Therefore, the values of i0 for Ce3+/Ce reaction were examined at different 

temperatures and concentrations, indicating that the EIS method is feasible to determine the i0 

kinetics in LiCl-KCl eutectic salt.  
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 Section 4.2 further explored the Ce behaviors on LCC electrode to understand behaviors 

of MA and Ln materials on liquid cathodes in ER system.  When CV is performed with the LCC, 

Li metal is simultaneously deposited along with Ce; therefore, the CV baselines of pure LiCl-KCl 

were subtracted to obtain CV curves only attributed to the Ce redox reactions. From the processed 

CV curves, the diffusion coefficients of CeCl3 were calculated revealing that the diffusivity was 

relatively weak by using LCC compared to usage of a solid electrode. For elucidation in 

thermodynamic behaviors of MA in LCC, the OCC method was performed by building Ce-Cd thin 

layer on tungsten electrode in LiCl-KCl-CeCl3-CdCl2. It was verified that the Ce forms the 

intermetallic compounds in liquid Cd, and thermodynamic characters were evaluated including the 

Gibbs free energies, enthalpies, entropies for the Ce-Cd intermetallic compound formations. The 

LP and Tafel methods were utilized to estimate the exchange current densities of Ce3+/Ce on LCC.  

        

 

5 Uranium Electrochemical Studies in Molten LiCl-KCl Eutectic3 
 We are exploring the electrochemical, thermodynamic, and kinetic properties of U in LiCl-

KCl salt system via CV, OCP, LP, Tafel, and EIS techniques. The resulting data sets are provided 

in Sections 5.3.1 to 5.3.4.  Here, the i0 of U3+/U were intensively investigated via EIS, LP, Tafel, 

and CV techniques and being delivered in Sections 5.3.4.1 to 5.3.4.3. The discussion and further 

analyses on these results are given in the following subsections. In addition, LiCl-KCl-UCl3-GdCl3 

salt systems were investigated and the same electrochemical measurements were carried out to 

gain insight on the effect of other elements on U properties which could be happening in ER 

system.  

 

5.1 Introduction 

 For the advancement of the safeguard technologies in pyroprocessing, it is necessary to 

build fundamental database for SNM, which will enhance the developments of kinetic models and 

the real-time monitoring technologies. Particularly, uranium is the most abundant element in 

reprocessing paths (UNF contains ~96 % of U [6]); thus, the assessment of fundamental features 

must be accurately done. For the pyroprocessing applications, kinetic, thermodynamic, and 

electrochemical properties of uranium should be known and documented under different 

conditions.  Despite numerous studies on kinetic, thermodynamic, and electrochemical features in 

LiCl-KCl eutectic salt, the i0 values of uranium have not been fully explored and understood as 

discussed in Section 2. The i0 is a criterion of the reaction rate on the electrode, which plays a 

significant role in electrochemical equations and expressions; hence, the measurement and 

                                                           
3 Contents in Section 5 are cited from the author’s publications:  

- D. Yoon and S. Phongikaroon, “Measurement and Analysis of Exchange Current Density for U/U3+ Reaction in 

LiCl-KCl Eutectic Salt via Various Electrochemical Techniques,” Electrochimica Acta 227, 170-179 (2017). 

- D. Yoon and S. Phongikaroon, “Electrochemical and Thermodynamic Properties of UCl3 in LiCl-KCl Eutectic Salt 

System and LiCl-KCl-GdCl3 System,” Journal of The Electrochemical Society, 164(9), E217-E225 (2017). 



 
 

230 
 

collection of i0 for U3+/U reaction in LiCl-KCl are extremely crucial for developing the kinetic 

models and near-real time monitoring system for pyroprocessing technology. In addition, ER salt 

system contains a number of fission products including actinide An and Ln components [21]; 

therefore, effects of multi-elements on the U behavior should be explored in LiCl-KCl eutectic salt 

system. Here, electrochemical, thermodynamic, and kinetic properties of U were investigated by 

using CV, OCP, LP, Tafel and EIS methods. The properties were determined at different 

concentrations ranging from 0.5 wt% to 4 wt% and temperatures from 723 K to 798 K to 

understand the concentration and temperature effects on U behaviors. For the confidence of the i0 

evaluation, four different electrochemical methods including LP, Tafel plot, EIS, and CV were 

performed. In addition, GdCl3 under different concentrations was added into LiCl-KCl-UCl3 

eutectic salt at 773 K, and the effects of GdCl3 co-existence were explored on the properties of U 

such as diffusion coefficient, equilibrium potential, and exchange current density. The resulting 

data in this work will help elucidating the U behaviors in multi-components salt system. 

   

5.2 Detailed Experimental Setup and Program 

 Figure 5.1 illustrates the schematic design of the electrochemical cell in the Muffle furnace. 

The salt samples were prepared in the Inconel® crucible, which is located in the furnace with the 

alumina secondary safety crucible. The tungsten rod (2 mm in diameter) was used as the working 

electrode. The U metal plates were chopped and loaded in a molybdenum basket, which were used 

as a counter electrode; therefore, the salt concentration could be maintained the same during the 

electrochemical measurements. The Ag/AgCl (1 mol%) reference was used for all experiments 

here.  The specifications can be found in Table 3.1 and same methods for salt preparations and 

electrode preparations were followed as mentioned in Section 3.2. For exploring the U 

characteristics and the effect of GdCl3 on U properties, the experimental program was developed 

as being summarized in Table 5.1. Concentration information based on the ICP-MS quantitative 

analyses and the electrode surface area for each run were obtained for verification and analysis.    
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Table 5.1 Electrolyte concentration and the working electrode surface area for each experimental 

run 

No. 
Samples UCl3 (wt%)  GdCl3 (wt%)  

Electrode surface 

area (cm2) 

1 UCl3-0.5 0.559  0.621 

2 UCl3-1.0 1.06  0.723 

3 UCl3-2.0 2.04  0.471 

4 UCl3-4.0 4.04  0.396 

5 U0.5_Gd0.5 0.59 0.49 0.565 

6 U1.0_Gd0.25 1.04 0.29 0.584 

7 U1.0_Gd0.5 1.45 0.47 0.503 

8 U1.0_Gd1.0 1.09 0.95 0.522 

9 U2.0_Gd1.0 1.71 0.96 0.471 

10 U2.0_Gd2.0 1.94 2.09 0.452 

 

5.3 Results and discussion  

5.3.1 Diffusion coefficient of UCl3 in LiCl-KCl 

 CV curves were obtained by sweeping the potential from 0 V to -2.35 V with different scan 

rates to determine the diffusion coefficient of UCl3 in LiCl-KCl eutectic salt. The same procedure 

for the measurement was used as developed in Table 4.2; however, the cleaning process was done 

by applying potential at -0.45 V (vs. Ag/AgCl) for avoiding oxidation of U3+ to U4+. Figure 5.2 is 

 

Figure 5.1 Schematic design of electrode assembly and electrochemical cell in Muffle furnace. 
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an example of CV curves in LiCl-KCl-0.5 wt% UCl3 salt at 773 K. Reduction and oxidation peaks 

for U4+/U3+ and U3+/U were observed at Ia/Ic and IIIa/IIIc, respectively; no other reaction was found 

beyond the U3+/U reduction potential. In addition, small pre-peaks were observed on the reduction 

and oxidation processes at IIa and IIc respectively. These pre-peaks were also observed at different 

concentrations up to 4 wt% UCl3 as shown in Figure 5.3, which has been reported by many 

researchers [40-41, 45-46, 77]. Reddy et al. [45] and Serrano and Taxil [77] further studied the 

pre-peaks by observing the peak current at different scan rates and concentrations, concluding that 

the peaks were being attributed by an adsorption and desorption of uranium monolayer on the 

working electrode.  
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Figure 5.2 CV graphs in LiCl-KCl-0.5 wt% UCl3 at 773 K. The potential was swept at the 

scan rate from 50 mV s-1 to 200 mV s-1. 
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The reduction peaks for U3+/U (IIIc) stay at the same potential with the scan rate change between 

50 mV s-1 and 200 mV s-1; thus, the redox reactions were considered as a reversible system under 

the experimental conditions. The height of peak currents were measured from the base line, which 

were linearly proportional to the square root of the scan rate. The linear slopes were employed 

through the use of Berzin-Delahay equation (Eq. (2-13)) for the UCl3 diffusion calculation in LiCl-

KCl. Figure 5.4 plots the calculated diffusion coefficients of UCl3, showing the linear trend over 

temperature.  The values are weakly affected by the concentration change up to 2 wt% of UCl3; 

however, the diffusion coefficient begins decreasing at 4 wt% of UCl3 (see red circles in Figure 

5.4) due to a challenge of the CV measurement at high concentration with the lower scan rate as 

shown in Figure 5.3(c). Here, the reduction peaks can be hardly obtained because of the massive 

U reduction on the working electrode. When the CV were measured in LiCl-KCL-4wt% UCl3 at 

scan rate ranging from 700 mV s-1 to 1500 mV s-1
, distinct peaks were obtained and massive U 
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Figure 5.3 Cyclic voltammograms at concentrations of (a) 1.0 wt% UCl3, (b) 2.0 wt% UCl3, 

and (c) 4.0 wt% UCl3 in LiCl-KCl eutectic salt at 773 K. The potential was swept at the scan 

rate from 50 mV s-1 to 200 mV s-1. 
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reduction was diminished as shown in Figure 5.5. However, the relationship between the peak 

current and the diffusion coefficient need to be derived for irreversible soluble-insoluble system 

to determine the diffusion coefficient. Despite of incompatibility, Eq. (2-12) was used to estimate 

the diffusion coefficients of UCl3 at 4 wt% by using the peak currents at faster scan rate (in Figure 

5.5). The values of nα were calculated by using Eq. (2-10). The resulting data are illustrated in 

Figure 5.6 indicating that the diffusion coefficients (4 wt% UCl3) measured by the irreversible 

relationship (Eq. (2-12)) were moved in the same trend line observed at lower concentrations (0.5 

wt%, 1 wt%, and 2 wt% UCl3). This phenomenon (decrease of diffusion coefficient at higher 

concentration) were also observed in a previous literature [46]; however,  

further studies are necessary to explain this issue. The effect could be due to the attractive 

interaction among the particles or that the reversible equation (Berzin-Delahay, Eq. (2-13)) is not 

likely applicable at a high concentration.   
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Figure 5.4 Diffusion coefficients of UCl3 in LiCl-KCl as a function of temperature. 
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Figure 5.5 Cyclic voltammograms in LiCl-KCl-4wt% UCl3 at 773 K with faster scan rates 

ranging from 700 mV s-1 to 1500 mV s-1. 
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Figure 5.6 Diffusion coefficients of UCl3 in LiCl-KCl. The values for 4wt% were measured by 

using Eq. (2-13) (black triangle) and Eq. (2-12) (red circle). 
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5.3.2 Apparent standard potentials of U3+/U via CV and OCP 

 The cathodic peak potentials were obtained from the CV results in Section 5.3.1 to 

calculate the values of EU3+/U 
0∗ using Eq. (2-15). The resulting values are plotted in Figure 5.7 and 

showing proportional increase with rising temperature. The values of EU3+/U 
0∗  seem to be 

independent on concentration change up to 2 wt% UCl3, but start shifting toward negative direction 

at 4 wt% UCl3.  

 In addition, OCPs were measured between U metal and U3+ ions in LiCl-KCl, which can 

be employed to calculate EU3+/U  and EU3+/U 
0∗ . Prior to the OCP measurements, U was deposited 

on the tungsten electrode by applying potential at -1.6 V (vs. Ag/AgCl reference) for 30 seconds, 

which was repeated at least three times. Figure 5.8 shows the representative OCP data which were 

obtained in LiCl-KCl-0.5 wt% UCl3 at temperature range (723 K to 798 K). Flat plateaus were 

observed within 30 seconds, which is due to the fact that the charge transfer between U metal on 

the electrode and U3+ ions in bulk salt reached the equilibrium state. The deviations of the 

measured equilibrium potentials were less than 1 mV, and the average values are plotted in Figure 

5.9(a). The equilibrium potential of U3+/U proportionally increases with increasing UCl3 

concentration up to 3.3×10-3 mole fraction (2 wt % of UCl3 in LiCl-KCl); however, the rate of 

increase starts decreasing at 6.6×10-3 mole fraction. It seems that the equilibrium potential is more 

correlated at higher concentration (> 4 wt% UCl3); however, this should be experimentally 

demonstrated in future works. The apparent standard potentials of U/U3+ can be determined using 

Nernst equation (Eq. (2-2)) with the assumption that the U metal activity is unity. Here, the 

measured EU3+/U  in Figure 5.9(a) can be directly substituted in Eq. (2-3) to calculate  
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Figure 5.7 Apparent standard potentials for U3+/U couple versus Cl2/Cl- measured via CV 

techniques with Eq. (2-15).  
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EU3+/U 
0∗ according to the UCl3 mole fractions. In addition, 𝐸𝑈3+/𝑈

0∗  can be evaluated by plotting 

EU3+/U versus ln(XU3+). Within the concentration range in the present work, values of 

EU3+/U show linear correlations with ln(XU3+), as can be seen in Figure 5.9(b). The linear 

regressions show good R2 values greater than 0.991, and EU3+/U
0∗  can be determined at y-intercept. 

The slopes of the linear lines equal to RT/nF; therefore, the number of charge transferred can be 

experimentally evaluated (which is referred as nexp.). The calculated values of nexp. varried from 

2.46 to 2.55, which are slightly smaller than the ideal number of the charge transferred for the 

U3+/U reaction (nideal = 3). This may be due to lower probability of the charge transfer in reality, 

and the number becomes smaller with increasing concentration.  Figure 5.10 plots the results from 

both the direct substitution and linear regression methods with Nernst equation. If the nideal is used 

in Eq. (2-3) for the direct substitution methods, the result values are approximately 30 mV more 

negative. However, the data sets would fall on top of the values determined by the linear regression 

method when nexp values were being used through the direct substitution method. Comparing to 

values from literatures, Figure 5.11 plotted the resulting data from CV and OCP measurement  

 

 
 

along with the literature values, revealing that the values are close and follow a similar trend to 

temperature.  However, it can be noticed that EU3+/U
0∗  values measured by CV and CP are generally 

more negative than the values measured by OCP. This may be because of the characteristics of CV 

and CP methods by applying overpotential to the working electrode for U3+/U reaction to occur. 

The applied overpotential depends on the used scan rates and currents used in CV and CP, 

respectively.  
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Figure 5.8 Potential plateaus results from OCP experiments in LiCl-KCl-0.5 wt% UCl3 at 

temperature ranging 723 K to 798 K. 
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Figure 5.9 Plots of the equilibrium potentials of U3+/U in LiCl-KCl versus (a) mole fraction 

and (b) logarithm of mole fraction. 
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Figure 5.10 The apparent standard potentials of U3+/U in LiCl-KCl salt measured via OCP 

and calculated in different methods. 
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Figure 5.11 The averaged values of  EU3+/U
0∗  via CV and OCP technologies, compared 

with literature values. 
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5.3.3 Activity coefficient of UCl3 

 The previously determined values of EU3+/U
0∗  were utilized to calculate thermodynamic 

properties of UCl3 in LiCl-KCl eutectic salt. The partial molar Gibbs free and activity coefficient 

of UCl3 were calculated with the same calculation methods developed in Section 4.1.3.1. In 

addition, the pure thermodynamic data for UCl3 were found at the super cooled liquid state [53]. 

Using Eq. (4-1) and Eq. (4-2), ∆GUCl3 
Fusionand ∆GUCl3 

SC were calculated. The super cooled 

thermodynamic information and calculated values are summarized in Table 5.2. The values of 

∆GUCl3
0∗  were calculated using the thermodynamic equation (∆G = -nF∆E), and therefore, the γU3+ 

was readily calculated using Eq. (2-4). The resulting values are listed in Table 5.3 and γU3+  data 

sets are compared with the reported values from literatures as shown in Figure 5.12. Here, the 

similar trend can be observed as seen in the results of the apparent standard potentials (Figure 

5.11). The values of γU3+  measured by CV and OCP are being divided into two different trends 

according to temperature. Between CV and OCP methods, significant discrepancies were found 

up to 102 order of magnitude, and OCP method generally provides higher values and show a steep 

increase rate when temperature rises.  
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Figure 5.12 The values of γU3+measured via OCP and CV methods compared with literature 

data. 
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Table 5.2 Thermodynamic information from the literature [53] and calculated values 

 723 K 748 K 773 K 798 K Tm (1100 K) 

∆GUCl3 
Formation (kJ mol-1) -703.03 -697.83 -692.64 -687.45  

∆HUCl3 
Fusion (kJ mol-1)     46.44 

∆SUCl3 
Fusion (J mol-1 K-1)     41.84 

Cp (J mol-1 K-1) 111.22 111.94 112.66 113.38 129.70 

∆GUCl3 
Fusion (kJ mol-1) 14.76 13.96 13.12 12.26  

∆GUCl3 
SC (kJ mol-1) -688.26 -683.87 -679.52 -675.19  

 

 

Table 5.3 Thermodynamic data evaluated by OCP and CV methods 

 T (K) 
Masset [37] 

(CV) 

Kuznetsov [39] 

(CV) 

Roy [41] 

(OCP) 

This study 

(OCP) 

This study 

(CV) 

∆𝐆𝐔𝐂𝐥𝟑 
𝟎∗  

(kJ mol-1) 

673 

723 

748 

773 

798 

823 

-745.1 

 

 

-726.2 

 

-712.9 

 

 

-731.7 

-723.1 

 

-721.8 

-717.2 

-712.9 

-708.1 

 

-738.5 

-732.8 

-727.1 

-720.7 

𝛄𝐔𝟑+ × 103 

673 

723 

748 

773 

798 

823 

0.29 

 

 

1.39 

 

4.47 

 

0.47 

 

0.57 

 

0.81 

2.0 

3.1 

 

3.80 

4.69 

5.59 

7.06 

 

0.23 

0.38 

0.61 

1.06 

 

 

 

5.3.4 Exchange current density of U3+/U 

 The EIS, LP, Tafel, and CV methods were conducted to investigate the i0 kinetics of U3+/U 

couple at UCl3 concentrations ranging from 0.5 wt% to 4 wt% and temperature from 723 K to 798 

K.  Further dimensionless analyses will be also provided as well.  

 

5.3.4.1 EIS  

  The same EIS measurement procedures and minimum over potential method developed in 

Section 4.1.3.2 were used in this section. Figure 5.13(a) illustrates the example procedure for 

finding minimum overpotential for U/U3+ reaction for UCl3-0.5 salt at 748 K. At about -1.499 V, 

the minimum overpotential was obtained and the EIS measurements were repeated with the 
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different potential amplitudes ranging from 5 mV to 10 mV. As shown in Figure 5.13(b), the 

impedance spectra display a good agreement with the potential amplitudes, which indicate the 

stable charge transfer kinetic at the minimum overpotential. The obtained impedance spectra were 

fitted to the same equivalent circuit as shown in Figure 4.8. Figure 5.14 illustrates the measured 

and fitted impedance spectra in the complex plane for all four samples under the different 

temperature conditions. Small current values were applied during the EIS measurement (< 3 mA 

cm-2), so that the surface area change by uranium deposition is expected to be negligible. After the 

manual curve fitting, the goodness of fittings (χ2) was further checked by using an equation 

expressed as  

 

𝜒2 =
1

𝑁 −𝑚
∑
(𝑉𝑟̅ − 𝑉𝑟)

2 + (𝑉𝑗̅ − 𝑉𝑗)
2

(𝑉𝑟2 + 𝑉𝑗
2)

𝑁

𝑖=1

 

(5-1) 

where N is the number of data points, m is the number of equivalent circuit parameters, Vr̅ is the 

fitted real values, V̅j is the fitted imaginary values, Vr is the measured real values, and Vj is the 

measured imaginary values. The values of χ2 were lower than 0.003, indicating a good fit to the 

measured data sets. From the results of curve fitting, charge transfer resistances were measured, 

which were being employed to calculate the value of i0 and k0 for U3+/U reaction in LiCl-KCl 

molten salt. Figures 5.15(a) and 5.15(b) show plots of the calculated i0 values versus temperature 

(K) and concentration (UCl3 mole fraction), respectively. The EIS experiments were repeated three 

to four times with the same experimental conditions to confirm the reproducibility of the results; 

the variations of the value are represented as the standard deviations (error bars). The values of i0 

for U/U3+ reaction are ranging from 0.0054 A cm-2 to 0.102 A cm-2 under different concentration 

and temperature conditions. The values were almost linearly proportional to an increase in the 

concentration and temperature, slight deviations were observed when the UCl3 concentration is 

over 4 wt% in LiCl-KCl. The k0 values were calculated from the slopes of the i0 linear trends at 

different concentrations with the equation i0 = nFk0CUCl3.  The resulting values of k0 and i0 are 

listed in Table 5.4. 
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Figure 5.13 (a) Nyquist plots measured in UCl3-0.5 salt at 748 K. The applied potential was 

changed from -1.490 V to -1.510V to find the minimum overpotential. (b) Repetition with the 

applied potential amplitude ranging from 5 mV to 10 mV at -1.499 V. 
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Figure 5.14 The measured and fitted impedance spectra in the salt of (a) UCl3-0.5, (b) UCl3-

1.0, (c) UCl3-2.0, and (d) UCl3-4.0 at temperature ranging from 723 K to 798 K. Applied 

potential amplitude was 7 mV, and the chi-square goodness of fit (χ2) was less than 0.003. 
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Table 5.4 Summary of i0 and k0 for U/U3+ reaction measured by the EIS method 

  Temperature, T (K) 

  723 748 773 798 

 k0 × 103 [cm s-1] 1.048 

(R2= 0.993) 

1.230 

(R2= 0.993) 

1.454 

(R2= 0.995) 

1.827 

(R2= 0.996) 

UCl3-0.5 

i0 × 103  [A cm-2] 

5.4 ± 0.09 6.55 ± 0.03 8.91 ± 0.06 10.2 ± 0.25 

UCl3-1.0 13.6 ± 0.32 16.1 ± 0.64 19.0 ± 0.35 22.8 ± 0.09 

UCl3-2.0 27.5 ± 0.5 31.6 ± 0.77 37.4 ± 2.2 47.9 ± 2.7 

UCl3-4.0 60.1 ± 1.7 70.1 ± 5.0 81.8 ± 4.2 102 ± 3.6 

 

5.4.3.2 LP and Tafel methods 

 For both LP and Tafel measurements, the potential was swept from -350 mV to 250 mV 

based on the equilibrium potentials. Figure 5.16(a) shows an example of current-potential curve in 

UCl3-0.5 salt. The slopes were obtained in the overpotential ranging from -5 mV to 5mV at the 

different temperatures, which were employed to calculate i0 of U/U3+. As Eq. (2-26) is valid with 

no diffusion effect; thus, very slow scan rate should be applied for the proper exploration of the 

charge transfer kinetics. However, at extremely slow scan rates (< 3 mV s-1), the electrode surface 

area continuously increases due to the deposition of U metals on the electrode. Therefore, LP 

method was examined with the different scan rates ranging 3 mV s-1 to 100 mV s-1. Figure 5.16(b) 
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Figure 5.15 (a) plots the i0 of U/U3+ against temperature for different concentrations, and 

(b) plots the i0 of U/U3+ versus mole fraction of the UCl3 under different temperatures. 
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illustrates Tafel curves in UCl3-0.5 salt at the same temperature range. Here, the linear Tafel 

regions can be observed at the overpotential from -100 mV to -230 mV, which were fitted to 

measure the value of i0. Unfortunately, the linear Tafel region cannot be acquired at the 

concentration higher than 1 wt% UCl3 as shown in Figure 5.16(c). This issue is mainly owing to 

the vigorous U deposition with the high bulk concentrations. Therefore, Tafel plot method was 

only applied with the scan rates of 3 mV s-1, 5 mV s-1, and 7 mV s-1 in UCl3-0.5 salt for determining 

the i0 of U/U3+ pair.         
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Figure 5.17 shows the measured values of i0 by LP method with different scan rates. For UCl3-0.5 

and UCl3-1.0 (Figures 5.17(a) and 5.17(b), respectively), the i0 values rapidly decrease when the 

scan rates increase from 3 mV s-1 to 15 mV s-1 while they increase sharply at the scan rate faster 

than 20 mV s-1. This result signifies that the diffusion limits caused by an increase in the scan rate 

can dominantly affect the kinetic measurements. In contrary, steady decreases can be observed 

with increasing the scan rate in UCl3-2.0 and UCl3-4.0 salts as shown in Figures 5.17(c) and 

5.17(d), respectively. The latter results indicate that the variation of the electrode surface area may 

contribute an effect on the resulting i0 due to the U deposition. Therefore, having these challenges, 
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Figure 5.16 (a) Current density versus potential at small overpotential region (< 5 mV) in UCl3-

0.5 salt; (b) Plot of log (i0) versus overpotential in UCl3-0.5 salt; and (c) Plot of log (i0) versus 

overpotential in UCl3-1.0, UCl3-2.0, and UCl3-4.0 at 748 K. The scan rate was used at 5 mV s-1. 
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the measured i0 values appear dispersed with varying scan rates. Figure 5.18(a) shows all measured 

i0 values from LP and Tafel methods. The i0 values of U/U3+ follow the linear relationship with 

temperature. While the relative errors from the averaged i0 were less than 10% in both UCl3-0.5 

and UCl3-1.0, these errors rose up to 24% in UCl3-4.0 salt due to the above challenges. The effect 

of the change on surface area becomes problematic on the LP and Tafel measurements. Tafel 

curves were measured in UCl3-0.5 salt, and the i0 calculated from y-intercept was varying for the 

scan rates of 3 mV s-1 to 7 mV s-1 (see Figure 5.18(b)). Tafel results also show a linear trend with 

the temperature and agree with the LP result within 20% of relative error range.   

 

 

 

 

 

 

 

Figure 5.17 Plots of i0 results measured by LP methods under different scan rates for (a) UCl3-

0.5, (b) UCl3-1.0, (c) UCl3-2.0, and (d) UCl3-4.0. 
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5.4.3.3 Cyclic voltammetry (CV) 

 CV is powerful and the most widely practiced among the electrochemical methods [52]. 

The CV method is analogous to the LP measurement because CV observes current based on the 

potential change. Only difference from the LP method is that CV is a reversal method executed by 

higher scan rates. As mentioned in Section 5.4.3.2, the results from LP method show the agreement 

within 24% relative error range under the different scan rates (from 3 mV s-1 to 100 mV s-1. 

Therefore, CV curves at the scan rate of 50 mV s-1 and 100 mV s-1 was used, and the charge transfer 

resistance in very small overpotential region was obtained to estimate the values of i0 for U/U3+. It 

should be mentioned that this selected scan rate is not considered fast in the CV application; 

however, this method was explored in order to compare with LP method and assess the 

applicability for the estimation of i0. Figure 5.19 shows an example procedure on a CV curve in 

UCl3-0.5 salt at 748 K. The potential where the deposited U starts to be oxidized (indicated by red 

circle in Figure 5.19 (a)) can be found, and the slope from current-potential curve within 10 mV 

overpotential can be measured as described in Figure 5.19(b), which is the charge transfer 

resistance. Then, the value of i0 for U/U3+ reaction would be calculated by using Eq. (2-28). Figure 

5.20 reveals that the value increases when both the concentration and temperature increase; 

however, it was difficult to observe the linearity from these results. The advantage of the CV 

method is the rapid data acquisition through an instant scan rate; hence, this technique would be 

useful in development of the near-real time technique for the material detection and accountability 

in the ER system.  
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Figure 5.18 (a) Plots of i0 values measured by LP and Tafel methods for concentrations of 

0.5 wt%, 1.0 wt%, 2.0 wt%, and 4.0 wt% and (b) magnifying scale for the comparison of i0 

values between LP and Tafel methods at 0.5 wt% UCl3. 
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Figure 5.19 (a) Cyclic voltammogram at the scan rate of 50 mV s-1 in UCl3-0.5 salt at 748 K, 

and (b) the magnifying scale of the small overpotential region (from (a)) for measuring the 

charge transfer resistance from the slope. 
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Figure 5.20 Plots of i0 by using CV method for U/U3+ in UCl3-0.5, UCl3-1.0, UCl3-2.0, and 

UCl3-4.0 salt at the different temperatures with the standard deviations. 
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5.4.3.4 Data comparison and practical analysis  

 Figure 5.21(a) shows the results from the four techniques being explored. The i0 values 

from EIS measurements show the most linear trends regarding to the concentration and 

temperature whereas the values measured by CV method are much scattered and do not have a 

strong linear correlation with the concentration and temperature. Overall, the results from the four 

methods are in a moderate agreement within 33% relative difference from their average values. 

Figure 5.21(b) shows i0 results from this work in comparison to the reported i0 values. Lim et al. 

[51] provided the equations of the i0 as a function of the concentration and temperature. By plotting 

the equations from the literature, the results reside within the range of i0 from this study. 

Particularly, EIS measurements for 1 wt% UCl3 in the present study agree moderately well with 

those from Lim and co-workers [51]. However, LP results in this study are significantly influenced 

by the scan rate, which reputes the conclusion from the study of Lim et al. [51] that the scan rate 

(5 mV s-1 - 100 mV s-1) has no significant effect on the i0 value. Choi et al. [48] measured i0 of 

U/U3+ at ~3.3 wt% concentration at 773 K and reported that the i0 value measured with a tungsten 

electrode was 0.0584 A cm-2 which located in the vicinity of i0 measured in this study. 

  Because the EIS method provides the most linear trends and agreements with other 

literature data, the results from EIS measurements have been selected for further analysis without 

considering the deviations (error bars) of the data. The linear relationships of i0 in Figures 5.15(a) 

and 5.15(b) were modeled by using a linear equation, y = ax + b (these fitted values are summarized 

in Table 5.5). Here, the equations in Table 5.5 can be used to determine any desired i0. These 

equations were being extrapolated to estimate the i0 of U/U3+ at the 5 wt% concentration under 

723 K and 923 K reported by Rose and co-workers [50]. The resulting calculations reveal that the 

values of the i0 are 0.0739 A cm-2 (C= 5 wt% (0.00848 mole fraction) and T = 723 K) and 0.214 

A cm-2 (C = 5 wt% (0.00848 mole fraction) and T = 923 K) agreeing well with the values of i0 

reported by Rose et al. [50]. The projection for i0 value at 5 wt% UCl3 can be checked in Figure 

5.21(b) (see a line of orange dot). Although literature i0 values were being measured under different 

electrochemical scales and cell configurations, the results are in a good agreement (see Figure 

5.21(b)). Thus, it can be postulated that the effect of system scale and configuration has a weak 

influence on the i0 kinetics. In order to confirm this argument, a large number of data collections 

will be required in different electrochemical environments. Also, the i0 value reported by Ghosh 

et al. [49] does not follow the general trends of this work. This discrepancy may be coming from 

their study on the anodic dissolution by using a uranium rod as an anode. 
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Based on the EIS data sets, additional temperature and concentration dependence were 

further investigated. Here, the temperature relationship of kinetic parameters can typically be 

expressed by Arrhenius equation (as discussed in Section 4.1.3.2) i0 = I0 exp(-Ea/RT).  Figure 5.22 

shows ln(i0) versus 1/T for all concentrations where the slopes and y-intercepts can be used to 

tabulate I0 and Ea, respectively; the calculated values are being summarized in Table 5.6. The 

dimensionless relationship between i0/I0 and exp(-Ea/RT) can be plotted (see Figure 5.23(a)); 

therefore, the i0 can be easily estimated when I0 and –Ea are known. Furthermore, the concentration 

dependency of i0 are being explored in Figure 5.23(b). The dimensionless quantity of i0/i0, max were 

plotted against mole fraction. Here, i0,max is the i0 value at 4 wt% UCl3 which can be found in Table 

5.6. Thus, i0 quantity can be estimated by simply knowing i0,max at 4 wt% UCl3 reported in the 

present study. The equations for the dimensionless relationships (i0/I0=1.0046 exp(-Ea/RT) and 

i0/i0, max=155.2 x) in Figures 5.23(a) and 5.23(b) are shown in each figure, respectively. The 

concentration is valid from 0.00083 to 0.00664 in mole fraction. The fitted equation of i0/I0=1.0046 

exp(-Ea/RT)  exp(-Ea/RT) with the R2 of 0.997 confirms the Arrhenius behaviors within the 

system. Overall, these correlations can be used at the concentration less than 4 wt% of UCl3 in 

LiCl-KCl eutectic salt. 
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Figure 5.21 (a) The i0 values measured by the four different methods in the present study, and 

(b) the reported values of i0 for U/U3+ from different literature studies are being superimposed. 
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Table 5.5 Linear models for concentration (mole fraction) and temperature (K) dependence   

  Equations R2 

Temperature (T) 

dependence of i0 

UCl3-0.5: 6.752 × 10-5 T – 0.0436 0.973 

UCl3-1.0: 1.221 × 10-4 T – 0.0750 0.987 

UCl3-2.0: 2.682 × 10-4 T – 0.1678 0.932 

UCl3-4.0: 5.494 × 10-4 T – 0.3393 0.956 

Concentration (C)* 

relationship of i0 

723 K: 8.823 C 0.993 

748 K: 10.274 C 0.993 

773 K: 12.047 C 0.995 

798 K: 15.012 C 0.996 
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Figure 5.22 Natural logarithm of i0 against the inverse temperature. 
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Table 5.6 The pre-exponential factors and activation energies for U/U3+ based on the data from 

EIS measurements 

UCl3-0.5 UCl3-1.0 UCl3-2.0 UCl3-4.0 

I0 

[A cm-2] 

Ea 

[kJ mol-1] 

I0 

[A cm-2] 

Ea 

 [kJ mol-1] 

I0 

[A cm-2] 

Ea 

[kJ mol-1] 

I0 

[A cm-2] 

Ea 

[kJ mol-1] 

6.5883 -42.468 3.2368 -32.948 9.0449 -35.011 14.595 -33.119 

 

5.3.5 Effects of GdCl3 on U properties 

 The effects of GdCl3 on UCl3 behaviors were explored at 773 K by adding certain amounts 

of GdCl3 into LiCl-KCl-UCl3 salt (Sample No. 5 – 10 in Table 5.1). The concentration ratio of 

UCl3/GdCl3 varies from 1 to 4 through the samples. For measuring the diffusion coefficients, 

equilibrium potentials, and exchange current densities in the salt samples, the same procedures and 

data analyses were used. Figure 5.24 shows the measured CV data in LiCl-KCl-1wt% UCl3 - 1 

wt% GdCl3 at scan rate ranging from 50 mV s-1 to 200 mV s-1. Redox peaks for Gd3+/Gd couple 

(IVc and IVa, respectively) were observed at potentials more negative than U3+/U redox peaks; 

therefore, it can be considered that the U3+/U reaction occurs independently whereas Gd3+/Gd 

reaction is happening along with U deposition on the electrode. Since peaks of P3c stays at the 

same potential even with addition of GdCl3, Eq. (2-13) was utilized to determine the diffusion 

coefficient of UCl3 in the salt mixtures. Figure 5.25 shows the diffusion coefficients of UCl3 

measured in Sample 5 – 10 along with the results reported in Section 5.3.1 at 773 K. By adding 

GdCl3 to the LiCl-KCl-UCl3 system, the diffusion coefficient of UCl3 becomes smaller by 0.2 × 

10-5 ~ 0.3 × 10-5 cm2 s-1. The values decreases slightly with increasing concentrations of UCl3 and 

GdCl3, but UCl3-GdCl3 mixtures need to be examined at concentrations higher than 4 wt%. At 
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Figure 5.23 (a) i0/I0 versus exp(-Ea/RT), and (b) i0/i0,max versus mole fraction. 
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lower concentration of UCl3 (Sample No. 5), GdCl3 co-existence significantly affects the diffusion 

behavior of UCl3, which reveals that diffusivity of UCl3 in ER system may be considerably affected 

by the concentration of other elements (e.g. actinide and lanthanide elements). However, further 

studies need to be done with different elements and multi-elements in order to understand the 

evidence of decreasing diffusivity. This may be affected by the physical and chemical interactions 

among the particles. 
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Figure 5.24 Cyclicvoltammogram in LiCl-KCl-1wt% UCl3-1wt% GdCl3 at 773 K, measured 

at scan rate from 50 mV s-1 to 200 mV s-1. 
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Figure 5.25 Plots of diffusion coefficients measured in LiCl-KCl-UCl3-GdCl3 mixtures (No. 

5 – 10), which were compared with original data sets (Section 5.3.1) at 773 K. 
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Figure 5.26 The equilibrium potentials of U3+/U measured with presence of GdCl3, which 

were superimposed in the original trend of the equilibrium potential at 773 K. 
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 Figure 5.26 shows the equilibrium potentials as function of concentration in Sample No. 5 

– 10 at 773 K which are superimposed on the pure UCl3 data as seen in Section 3.1.2. The resulting 

values follow the linear dependence line within 0.2% relative difference. This indicates that the 

results of EU3+/U 
0∗ and γU3+ also show good agreement with the original data with pure UCl3; 

therefore, it could be believed that thermodynamic properties of UCl3 is scarcely dependent on the 

presence of GdCl3 in LiCl-KCl-UCl3 salt system. The calculations of EU3+/U 
0∗ and γU3+ are 

summarized in Table 5.7, and showing good consensus with the data sets measured with pure UCl3 

salts (reported in Table 5.3). Furthermore, the exchange current densities of U3+/U were measured 

with the GdCl3 additions and the resulting data are plotted in Figure 5.27. The values are laid along 

with the linear model, indicating that the kinetic parameters of U3+/U are also independent on 

GdCl3. The resulting data and trends from the experiments with the mixture salts provide a useful 

insight into behaviors of U such as electrochemical, thermodynamic, and kinetic behaviors with 

GdCl3 existence in LiCl-KCl; however, further experimental database should be accumulated to 

understand U behavior among the various fission products which is occurring in real ER system. 

Unfortunately, the thermodynamic and kinetic properties of U in multi-components have not been 

explored in previous publications. 

 

 

5.4 Summary 

 The properties of U were investigated via various electrochemical techniques at different 

UCl3 concentrations and temperatures. This section starts with evaluating the diffusion coefficients 
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Figure 5.27 The exchange current densities measured in U-Gd samples, compared with the 

values measured with pure UCl3 salts at 773 K. 
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of UCl3, which were done by using CV technique. Although the reversible equation was used to 

calculate the values, the irreversible equation was also employed to develop a measurement 

method at high concentrations. However, the equation will need to be revised for the soluble-

insoluble system. The equilibrium potentials of U3+/U couple were measured using OCP, 

indicating that it shows a linear trend within 2 wt% UCl3 concentration while the values reach to 

certain level at concentrations higher than 4 wt% UCl3. From the measured equilibrium potential, 

the apparent standard potentials of U3+/U were determined, which were used for further 

calculations of thermodynamic properties of UCl3. The partial molar Gibbs free energies were 

calculated at the different temperatures, and activity coefficients of UCl3 in LiCl-KCl were 

evaluated with the consideration of super cooled liquid state as an ideal salt state. Next, the 

exchange current densities of U3+/U couple were focused by using four different techniques such 

as EIS, LP, Tafel, and CV methods. In general, the measured data sets via the four methods agree 

within 33% relative error range. The EIS method provided the most reproducible results which are 

linearly dependent on the concentration and temperature. LP and Tafel methods show large 

deviations with the different scan rates due to the change of electrode surface area. For the CV 

method, the results were similar to that from LP method, but the data sets did not show the linear 

relationship with either the concentration or temperature. This low to moderate discrepancies 

between data from CV and EIS measurements indicate that CV may be used as a rapid data 

acquisition and analysis providing advantage toward the real time material detection and 

accountability.  

 

Table 5.7 Thermodynamic properties of UCl3 in LiCl-KCl-UCl3-GdCl3 mixture salts 

No Sample 
𝐄
𝐔𝟑+/𝐔 
𝟎∗

 

(V vs. Cl2/Cl) 

∆𝐆𝐔𝐂𝐥𝟑 
𝟎∗  

(kJ mol-1) 

𝛄𝐔𝟑+ 

× 103 

5 U0.5_Gd0.5 
-2.46 

± 6.0× 10-3 

-712.8 

± 17.4 

5.64 

± 1.53 × 10-1 

6 U1.0_Gd0.25 
-2.46 

± 4.2 × 10-4 

-713.2 

± 1.2 

5.26 

± 9.8 × 10-2 

7 U1.0_Gd0.5 
-2.47 

± 4.5 × 10-5 

-713.8 

± 1.3 

4.80 

± 9.7 × 10-3 

8 U1.0_Gd1.0 
-2.46 

± 4.0 × 10-4 

-712.6 

± 11.6 

5.80 

± 1.1 × 10-1 

9 U2.0_Gd1.0 
-2.46 

± 2.7 × 10-4 

-712.1 

± 7.6 

6.30 

± 7.5 × 10-2 

10 U2.0_Gd2.0 
-2.46 

± 1.2 ×10-4 

-711.4 

± 3.5 

6.98 

± 3.8 × 10-2 
 

 

Based on the i0 data measured via EIS technique, further analyses were performed. The 

dependences with the concentration and temperature were linearly modeled and the equations were 
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provided. Arrhenius temperature relationship was used to fit these data sets, from which the 

maximum value of i0 at infinite temperature and activation energy for U/U3+ reaction were 

obtained. Also, dimensionless equations were provided, which can be utilized to estimate the i0 

properties for U/U3+ reaction in various experimental conditions.  

Lastly, the same experiments were performed with GdCl3 addition to the salt. The diffusion 

coefficient was affected by the addition of GdCl3: 12 ~ 35 % of declines in diffusion coefficient 

values were observed by adding GdCl3 in LiCl-KCl-UCl3 (ratio of UCl3 was ranging from 1 to 4). 

The equilibrium potentials shows the similar values even when GdCl3 was added in the salt which 

indicates that thermodynamics of UCl3 in LiCl-KCl are hardly affected by co-existence of GdCl3. 

In addition, having the additional GdCl3 in the salts, the i0 values follow the same trends with no 

GdCl3; hence, this indicates that the kinetics for U3+/U reaction on the electrode surface are not 

significantly being influenced by the presence of GdCl3. 

 

 

6 Summary and Suggested Future Work 

6.1 Background 

 Pyroprocessing technology has been examined in several countries including the United 

State, Russia, France, Japan, South Korea, and India. The purpose of this technology is not only 

to treat the irradiated nuclear fuel, but also to reduce volume of the nuclear waste, recycle actinides, 

and close the fast reactor fuel cycle. The heart of this technology is the ER where pure U and An 

elements are being recovered in LiCl-KCl eutectic salt at 773 K. This recovery can be 

accomplished by using an electrolysis; therefore, many studies have been done to understand the 

electrochemical, thermodynamic, and kinetic behaviors of those products. However, several 

datasets reported in the past have been scattered and obscure due to challenges in the experimental 

measurements. Therefore, in this study, the main goal was to develop methods to provide reliable 

and repeatable data for U properties in LiC-KCl salt system, which will give fundamental 

understanding and signatures for material accountability in ER process. 

  

6.2 Literature Data for U and Electrochemical Techniques 

 Literature survey was delivered in Section 2. The main focus was uranium properties in 

LiCl-KCl eutectic such as diffusion coefficients, apparent standard potential, activity coefficient, 

and exchange current density. Summarized information and discussion can be found below: 

 Molten salts have several advantages over aqueous solvents: high radiation resistance, low 

criticality concern, low vapor pressure, low secondary wastes and high stability. Typically, 
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LiCl-KCl molten salt is selected as a candidate for electrorefining system with the benefit 

of low melting temperature (623 K). 

 The apparent standard potential can be measured via CV and OCP methods, which gives 

an insight into the reduction potential that need to be applied for the U recovery in the ER. 

The reported data values show good agreement within 50 mV deviation, which are linearly 

dependent with temperature in general. It has been reported that the properties are 

independent on concentration variation; however, this needs to be experimentally 

evaluated at high concentrations. 

 Several values of activity coefficient were reported, showing wide discrepancy up to 102 

order of magnitude. This is because of the challenges of obtaining pure Gibbs free energy 

data. 

 The diffusion coefficient data will provide an idea on the mass transport of U in the system; 

hence, the efficiency and the maximum current for the system can be optimized. The 

reported values are scattered depending on the techniques, ranging from 5.5 × 10-6 cm2 s-1 

to 4.9×10-5 cm2 s-1. Recent trend is that the resulting data sets from various research teams 

are agreeing well by the CV technique. 

 Exchange current density (i0) is an important parameter to understand kinetics of 

electrochemical reactions (U3+/U) on the electrode surface, which will enhance the 

development of kinetic models and the real-time monitoring technologies. Only few data 

sets are available since 2009, from which meaningful comparison and trend are hardly 

understood. Most of the literature sources used linear polarization (LP) method, which 

seems to be limited to be used at high concentrations.   

 In this NEUP study, five different electrochemical techniques including CV, OCP, EIS, 

Tafel, and LP were selected to obtain the significant datasets.  

 

6.3 Experimental setup and procedure 

 All experimental preparations and measurement were carefully performed under argon 

environment due to the hygroscopic and corrosive characteristics of salt chemicals. Section 3 

provide information on instrumental setups and materials generally used in the experiments. As 

each experiment require different setups and preparations, detailed descriptions were also provided 

and discussed in later main sections.  Here are the summarizing points: 

 Two glovebox systems for non-radioactive and radioactive materials (RAM I and RAM II, 

respectively) were installed in Radiochemistry laboratory at VCU. All experiments were 

done in these gloveboxes with O2 and H2O levels controlled less than 5 ppm. 

 Commercial furnaces were used in the gloveboxes to heat and maintain the salt samples at 

desired temperature. Kerrlab melting furnace and Muffle furnace were utilized for the 

preliminary studies and uranium studies, respectively.  

 LiCl-KCl eutectic salt was prepared by mixing LiCl (58.2 mol%) and KCl (41.8 mol%). 

Specifications of chemicals used in the present study are listed in Table 3.1.  
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 Prior to the melting the salts, the salt samples were dried at 523 K for 5 hours to remove 

possible water contents. In addition, when the salts were prepared at desired temperature, 

3 – 5 hours were given for reaching the equilibrium state.  

 Typically, alumina crucibles and Inconel crucibles were used as a main vessel. These are 

placed in a secondary alumina crucible for the safety purpose.   

 All electrode rods were preinstalled in alumina sheaths for avoiding a shortage. Ag/AgCl 

(5 mol%) and Ag/AgCl(1 mol%) were used as a reference electrode. In the data analysis, 

the potentials were converted into Cl2/Cl reference for providing comparable data.  

 The electrodes are assembled into one body by designing electrode assembly, which 

provides security of electrodes at desired position, easy access into the molten salt, and salt 

sampling during the experiments.  

 During uranium experiments, the salt samples were taken out from the vessel, and analyzed 

by ICP-MS. Detailed procedures for ICP-MS analysis are provided in Section 3.2.4.    

 

6.4 Preliminary studies with Ce surrogate 

 The main objective of this preliminary study is to develop experimental methodologies and 

electrochemical techniques, which can be further applied to uranium studies. Cerium was selected 

as a surrogate material for uranium, and electrochemical measurements were performed to evaluate 

Ce properties in LiCl-KCl eutectic. The Ce behaviors were investigated with various 

electrochemical techniques on a solid and liquid cathodes.  

 

6.4.1 Measurement of Ce properties by using a solid cathode in LiCl-KCl 

 The Ce properties were explored by using CV and EIS methods in LiCl-KCl-CeCl3 salt at 

concentrations and temperatures ranging 0.5 wt% to 4 wt% and 698 K to 798 K, respectively. The 

following results were observed.  

 The peak currents were obtained from CV measurements, and used into Berzin-Delahay 

relationship to calculate the diffusion coefficients of CeCl3 in LiCl-KCl salt. The diffusion 

coefficient stays approximately the same over concentration change up to 4 wt%, while it 

shows a nearly proportional trend to temperature. 

 The peak potentials from CV curves were used to calculate the apparent standard 

potentials of Ce3+/Ce reaction. The resulting data sets are ranging from -3.16 V to -3.06 

V versus Cl2/Cl- reference, which proportionally increase with rising temperature. 

Particularly, activity coefficients of CeCl3 were calculated based on the pure Gibbs energy 

data at super cooled state. Here, the fusion energy was considered due to the nature of 

CeCl3 (Tm=1080 K). The values of the diffusion coefficients and activity coefficients for 

CeCl3 are summarized in Table 6.1.  
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 EIS spectra were measured at minimum overpotentials for Ce3+/Ce reaction to be 

occurring, which were fitted to the equivalent circuit illustrated in Figure 4.8. The charge 

transfer resistances were obtained from the fitted curves, which were used to calculate the 

i0 and k0 for Ce3+/Ce couple. The resulting data shows the linear correlation with 

temperature within concentration at 4 wt% CeCl3, which was expressed as a linear 

equation in Table 6.2.  

 The data measured by EIS in the present study show a good agreement with data reported 

by Marsden and Pesic [61]. The authors used the LP method to measure the i0 of Ce3+/Ce, 

however, they reported the broad range of data due to the electrode surface area change 

during the LP methods.  

 

 

Table 6.1 Diffusion coefficients and activity coefficients of UCl3 in LiCl-KCl salt 

 

 

Table 6.2 Linear relationships of the exchange current densities against the inverse temperature 

based on the experimental data 

 

 The practical analysis was performed to compare the measured properties cerium with 

those of uranium reported from previous literatures. The diffusion coefficients for both 

UCl3 and CeCl3 are in the same order of magnitude and showing the similar correlation 

with the temperature. The activation energies for the diffusion of UCl3 have been reported, 

CeCl3 0.5 wt % 2 wt % 4 wt % 

T [K] D 

[× 105 cm2 s-1] 

γCeCl3 

× 103 

D 

[× 105 cm2 s-1] 

γCeCl3 

× 103 

D 

[× 105 cm2 s-1] 

γCeCl3 

× 103 

698 0.479 0.56 0.430 0.47 0.418 0.23 

723 0.545 0.56 0.547 0.47 0.544 0.34 

748 0.653 0.68 0.675 0.47 0.672 0.29 

773 0.751 1.07 0.690 1.40 0.700 0.48 

798 1.012 1.29 0.875 1.94 0.860 0.43 

CeCl3 i0 [A cm-2] R2 

0.5 wt% 
−46.284

1

T
+ 0.0733 

0.954 

2 wt% 
−306.4

1

T
+ 0.4957 

0.987 

4 wt% 
−488.93

1

T
+ 0.7818 

0.960 
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ranging from 24.2 to 34.4 kJ mol-1 [37, 39], which is in a good agreement with the 

activation energy for CeCl3.  

 The similarity between both the activation energies for the diffusion may be owing to the 

similar ionic size of uranium and cerium. In contrast, the standard reduction potential of 

CeCl3 was about 0.7 V more negative than the standard reduction potential for UCl3. Due 

to the dispersion of the reported i0 for U3+/U reaction, it was difficult to compare the i0 

values between cerium and uranium.  

 

6.4.2 Measurement of Ce properties on liquid cadmium cathode 

 In Section 4.2, further electrochemical measurements were performed to estimate the 

electrochemical and thermodynamic properties of CeCl3 on liquid cathode. Liquid cadmium was 

loaded in a Pyrex crucible (see Figure 4.16), which was used as a working electrode. CV, OCC, 

LP, and Tafel methods were conducted to explore the diffusion coefficient, Gibbs energies for the 

intermetallic formations, and exchange current densities of CeCl3 on the liquid cadmium cathode 

(LCC).  

 CV curves measured in LiCl-KCl obtained at concentration of 1 wt% CeCl3 and 

temperature ranging from 723 K to 798 K. The CV results show the Li co-deposition; 

therefore, background CV curves (for pure LiCl-KCl salt) were subtracted. Then, CV 

curves only attributed to the Ce redox on LCC were obtained. From the peak currents, the 

same calculation with Berzin-Delahay relationship was done to determine the diffusion 

coefficients of CeCl3 on LCC.   

 The diffusion coefficients of CeCl3 ranged from 2.9 × 10-6 cm2 s-1 to 5.1 × 10-6 cm2 s-1 at 

temperatures from 723 to 798 K, which are almost half values of the diffusion coefficients 

on the tungsten electrode. The diffusion of Ce3+ may be interfered by deposition of Li+ or 

LCC structure. To utilize LCC, the liquid cadmium was loaded in a Pyrex crucible having 

an upward surface area exposure to the molten salt LiCl-KCl. Therefore, mass transfers 

caused by electric force and convection are being restricted only through that exposure 

liquid cadmium surface.  

 OCC experiments were performed to understand thermodynamic properties of Ce-Cd 

intermetallic compounds in LCC. In advance, Ce and Cd were deposited together on 

tungsten working electrode by applying reductive potential at -2.2 V (vs. Ag/AgCl) for 25 

seconds. Then, the OCC were measured by applying the positive current at 1 μA. By 

changing Ce contents in liquid Cd film, Ce-Cd intermetallic formation also changes, which 

is indicated as a plateau on OCC curves. There were six different intermetallic compounds 

observed, and each potential of plateau was measured based on OCP. The potential 

differences were employed to calculate the partial molar Gibbs energy for the formations 

and activity of CeCl3 in LiCl-KCl, which are summarized in Table 4.10.  
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 By observing the calculated values of activity, it can be implied that that the reduction 

potentials of An and Ln elements come together closely on the LCC at the beginning of the 

ER process, and will be gradually detached by depositing more elements in the LCC. 

 Using Eq. (4-6), the standard Gibbs free energy for Ce-Cd intermetallic formations were 

calculated. The resulting data sets are listed in Table 4.11, which helps understanding 

thermodynamic energies of MA-Cd intermetallic formations in ER-LCC system and 

cathode processer where Cd separation is conducted by a distillation at high temperatures. 

 Tafel plot and LP methods were conducted for the measurement of the i0 of Ce3+/Ce couple 

on LCC in LiCl-KCl molten salt by incrementally adding Cd metals in liquid Cd (mole 

fraction was varied from 0.0013 to 0.0303). The results from both methods (summarized 

in Table 4.13) show the relative difference less than 20%, but their trends of i0 against mole 

fraction of Ce in Cd are in good agreement. When Ce concentration is lower than its 

solubility in Cd, i0 of Ce is linearly dependent on Ce concentration (Ce solubility limit in 

Cd is 0.006 in mole fraction). However, as Ce fraction exceeds its solubility limit in Cd, a 

nearly steady i0 of Ce is being observed. These phenomena are well illustrated in Figure 

4.27, which may be attributed to the equilibrium state in the phase (Cd-CeCd11) obtained 

in the Gibbs free energy study. 

 

6.5 Measurements of uranium properties  

 The experimental designs and programs were established to explore the electrochemical, 

thermodynamic, and kinetic properties of U in LiCl-KCl salt system via CV, OCP, LP, Tafel, and 

EIS techniques. In addition, LiCl-KCl-UCl3-GdCl3 salt systems were being investigated and the 

same electrochemical measurements were carried out to give insight on an effect of other elements 

on U properties which could be happening in ER system. The results and discussion are 

summarized as follows: 

 The diffusion coefficients of UCl3 in LiCl-KCl eutectic were measured by plotting the peak 

currents versus the square roots of the scan rate with the Berzin-Delahay relationship. The 

result values are ranging from 3.9×10-6 cm2 s-1 to 1.51×10-5 cm2 s-1, showing a good 

linearity with temperature, but weak influence by the concentration change up to 2 wt% 

UCl3. The diffusion coefficients begin decreasing at 4 wt% of UCl3, which may be due to 

the interaction among the particles or invalidity of the Berzin-Delahay equation at high 

temperatures. When the irreversible equation (Eq. (2-12)) was used with fast scan rates up 

to 1500 mV s-1, the diffusion coefficients at 4 wt% matched with the results at lower 

concentrations (from 0.5 wt% to 2 wt%).    

 The apparent standard potential of U3+/U pair was evaluated by using CV and OCP 

methods. The peak potentials from CV curves were used along with the Eq. (2-15). The 

result values were ranging from -2.474 V to -2.564 V versus Cl2/Cl- reference depending 

on temperature, which were almost irrelevant to concentration changes up to 2 wt% UCl3.  
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 In addition, OCPs were measured to calculate the apparent standard potentials. Both results 

show similar values of the apparent standard potentials, which also follow a similar trend 

to temperature.  However, it can be noticed that values measured by CV are generally more 

negative than the values measured by OCP, which can be also observed from literatures. 

The results from both CV and OCP are summarized in Table 6.3 

 Based on the results of the apparent standard potentials, the activity coefficients of UCl3 in 

LiCl-KCl were calculated by considering the difference between ideal and actual Gibbs 

free energies. For understanding the ideal energies, thermodynamic data at super cooled 

state were utilized as listed in Table 5.2. Here, the resulting values of the activity coefficient 

from CV and OCP methods are being divided into two different trends according to 

temperature. The discrepancies were found up to 102 order of magnitude, and OCP method 

generally provides higher values and show a steep increase rate when temperature rises. 

Detailed data of the activity coefficients are listed in Table 6.3.  

 

 

Table 6.3 Summary of apparent standard, Gibb free energy, and activity coefficient of UCl3 

 
Apparent standard 

potential [V vs. Cl2/Cl-] 

Gibbs free energy of UCl3 

formation [kJ mol-1 K-1] 

Activity coefficient  

× 103  

T (K) OCP CV OCP CV  OCP  CV 

723 

748 

773 

798 

-2.494 

-2.478 

-2.463 

-2.446 

-2.551 

-2.532 

-2.512 

-2.490 

-721.8 

-717.2 

-712.9 

-708.1 

-738.5 

-732.8 

-727.1 

-720.7 

3.80 

4.69 

5.59 

7.06 

0.23 

0.38 

0.61 

1.06 

 

 The EIS, LP, Tafel, and CV methods were conducted to investigate the i0 kinetics of U3+/U 

couple at UCl3 concentrations ranging from 0.5 wt% to 4 wt% and temperature from 723 

K to 798 K. 

 The values of i0 for U/U3+ reaction are ranging from 0.0054 A cm-2 to 0.102 A cm-2 under 

different concentration and temperature conditions, showing the linear dependences on the 

concentration and temperature.   

 For both LP and Tafel measurements, the potential was swept from -350 mV to 250 mV 

based on the equilibrium potentials.  

 LP method was examined with the different scan rates ranging 3 mV s-1 to 100 mV s-1. The 

result values were deviated up to 24 % depending on the applied scan rates, which is mainly 

due to the diffusion limits and electrode surface area changes.  

 The linear Tafel region cannot be acquired at the concentration higher than 1 wt% of UCl3 

owing to the vigorous U deposition with the high bulk concentrations. Therefore, Tafel 

measurements were done only at concentration of 0.5 wt% UCl3.  

 The i0 values from LP and Tafel methods follow the linear trends to concentration and 

temperature; however, repeatability was poor in obtaining values at 4 wt% UCl3. 
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 CV data were processed in analogous methods to LP, The charge transfer resistance were 

measured at small overpotential region where the deposited U starts to be oxidized. Then 

the i0 values were calculated. The calculated values increase when both the concentration 

and temperature increase; however, it is difficult to observe the linearity from these results.  

 The advantage of the CV method is the rapid data acquisition through an instant scan rate; 

hence, this technique is useful in development of the near-real time technique for the 

material detection and accountability in the ER system. 

 Figure 5.21(a) plots the results from the four techniques which show a moderate agreement 

within 33% relative difference from their average values. EIS measurements show the most 

linear trends regarding to the concentration and temperature whereas the values measured 

by CV method are much scattered and do not have a strong linear correlation with the 

concentration and temperature.  

 As EIS measurements show the most linear trends regarding to the concentration and 

temperature, the linear relationships of i0 with temperature and concentration can be 

modeled by using a linear equation (y = ax + b). The equations (listed in Table 5.5) are 

being extrapolated to estimate the i0 at 5 wt% UCl3, showing a good agreement with 

reported literature values.  

 Dimensionless relationships (i0/I0  exp(-Ea/RT) and i0/i0,max = 155.2x) were provided; 

therefore, estimation of the i0 properties for U3+/U could be easily tabulated.  

 With addition of GdCl3, the diffusion coefficients were declined by 12~35 % than the 

values from measurements with pure UCl3. The apparent standard potentials and 

thermodynamic data remained around the same values with GdCl3 being added into the 

salt. The i0 values show the similar trends with the data sets measured with pure UCl3 salts. 

The specific properties with co-existence of GdCl3 are summarized in Table 6.4. 

 

 

Table 6.4 Summary of the uranium properties with GdCl3 additions 

No Sample 
D 

×105 (cm2 s-1) 

𝐄
𝐔𝟑+/𝐔 
𝟎∗

 

(V vs. Cl2/Cl) 

∆𝐆𝐔𝐂𝐥𝟑 
𝟎∗  

(kJ mol-1) 

𝛄𝐔𝟑+ 

× 103 

i0 

×103 (A cm-2) 

5 U0.5_Gd0.5 
0.847 -2.46 

± 6.0× 10-3 

-712.8 

± 17.4 

5.64 

± 1.53 × 10-1 

9.39 

± 0.284 

6 U1.0_Gd0.25 
1.13 -2.46 

± 4.2 × 10-4 

-713.2 

± 1.2 

5.26 

± 9.8 × 10-2 

17.7 

± 0.679 

7 U1.0_Gd0.5 
1.30 -2.47 

± 4.5 × 10-5 

-713.8 

± 1.3 

4.80 

± 9.7 × 10-3 

23.9 

± 0.548 

8 U1.0_Gd1.0 
1.11 -2.46 

± 4.0 × 10-4 

-712.6 

± 11.6 

5.80 

± 1.1 × 10-1 

21.7 

± 0.93 

9 U2.0_Gd1.0 
1.03 -2.46 

± 2.7 × 10-4 

-712.1 

± 7.6 

6.30 

± 7.5 × 10-2 

34.5 

± 0.537 
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10 U2.0_Gd2.0 
1.00 -2.46 

± 1.2 ×10-4 

-711.4 

± 3.5 

6.98 

± 3.8 × 10-2 

37.9 

± 0.213 

 

6.6 Future Works 

Several suggestions of future work based on outcomes of the present study are as follows: 

 Diffusion coefficients, the equilibrium potentials, and according thermodynamic properties 

need to be evaluated at concentrations higher than 5 wt% (UCl3 concentration in Mark IV 

ER system is between 5 wt% and 10 wt%). 

 The phenomenon of decreasing of diffusion coefficients with increasing concentration 

needs to be elucidated with proper methodologies. Equations for irreversible soluble-

insoluble system need to be derived for using the fast scan rates in CV experiments, which 

may be applicable at high concentrations.  

 The above properties need to be further investigated in multi components salt systems 

including An, Ln, and alkaline earth materials (which are likely in the ER system) for 

understanding the physical and chemical effects among the elements. 
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                        Appendix A. Data from Literatures 

Table A.1 Summary of literatures performed to understand U properties in application of 

pyroprocessing technology 

Reference Concentration & 

Temperature 

 Elements Properties  Measurement 

methods used 

Masset [37] C: 9.87×10-5 mol cm-3 

T: 673 K – 823 K 

U D, E0*,  ∆G*, γ 

 

CV, CP 

Masset [38] C: 9.87×10-5 mol cm-3 

T: 673 K – 823 K 

U, Pu, Np, Am, 

La, Nd 

D, E0* CV, CP 

Kuznetsov 

[39] 

C:  6.26×10-5 mol cm-3 

T: 723 K – 823K  

U, Np, Pu, Am D, E0*,γ, k0 

 

CV, LSV, CP, 

CA, EIS 

Shirai [40] C: 8.8×10-4 mol frac. 

T: 773 K 

U, Np, Pu E0* CV 

Roy [41] T: 673 - 723 K  U, Np, Pu, Am E0*, γ, ∆G* OCP 

Hoover [42] C: 1 – 10 wt% 

T: 773 K 

U E0*, D, γ, ∆G* CV, CP, ASV 

Martinot [43]  U E0*  

Sakamura 

[44] 

C: 0.0016 mol frac. 

T: 723 K 

U,Np,Pu,Am E0* OCP 

Reddy [45] C: 0.474 mol % 

T: 755 K 

U E0*, D 

 

CV, CP, EIS 

 

Tylka [46] C: 0.5 – 4.3 wt% 

T: 773 K 

U, Pu D CV 

Gha-Young 

[30] 

C: 1.0 wt% 

T: 773 K 

U (LCC) D, impedance 

 

CV, EIS 

 

Shirai [32] C: 0.5 – 1.0 wt% 

T: 723 K - 823 K 

U (LCC) E0*, ∆G* 

 

CV 

 

Murakami 

[31] 

C: 1.6 wt% 

T: 723 K - 773 K 

U, Pu, La, Pr, 

Nd, Gd, Y, Sc 

(LCC) 

D, ∆G* 

 

CV, CP 

 

Choi [48] C: 3.3 wt% 

T: 773 K 

U i0 LP 

Rose [50] C: 5.0 wt% 

T: 723 K - 923 K 

U i0 Tafel 

Ghosh [49] C: 4.0 wt% 

T: 773 K 

U, Zr D, i0 CV, Tafel 

Lim [51] C: 1.0 wt% 

T: 738 K - 773 K 

U i0 Tafel, LP 
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Table A.2 Summary of diffusion coefficients for U3+ in LiCl-KCl from literatures  

Reference Diffusion coefficient of U3+, D × 105 (cm2 s-1) 

698 K 723 K 773 K 823 K 

Masset [37] 1.71 (CP) 

 

 3.8 (CP) 

2.5 (CV) 

3.1 (Conv.) 

4.92 (CP) 

2.84 (CV) 

3.99 (Conv.) 

Masset et al  2.7 (CV)   

Kuznetsov [39]  1.02 (CV) 1.45 (CV) 1.97 (CV) 

Hoover [42]   1.04 (CP)  

Reddy [45]  0.552 (CV) 

0.68 (CP) 

0.98 (CV) 

1.03 (CP) 

1.36 (CP) 

Tylka [46]   1.52 (CV)  

Martinot [43]  0.68 (CV)   

 

 

Table A.3 Summary of apparent standard potentials of U/U3+ from literatures 

Reference Apparent standard potential, E0* (V vs Cl2/Cl-) 

698 K 723 K 773 K 823 K 

Masset [37] -2.588 (CP) 

-2.561 (CV) 

-2.58 (Conv.) 

 -2.516 (CP) 

-2.491 (CV) 

-2.518 (Conv.) 

-2.481 (CP) 

-2.437 (CV) 

-2.469 (Conv.) 

Masset [38] -2.60 (CV)  -2.484 (CV) -2.462 (CV) 

Kuznetsov [39]  -2.541 (CV) 

 

-2.514 (CV) 

 

-2.487 (CV) 

Shirai et al. [40]  -2.484 (CV) 

 

-2.453 (CV) 

 

-2.422 (CV) 

Roy [41] -2.515 (OCP) -2.498 (OCP)   

Hoover [42]   -2.568 (CP)  

Martinot [43]  -2.52 (OCP) 

 

-2.489 (OCP) 

 

-2.459 (OCP) 

Sakamura [44]  -1.283 (OCP)   
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Table A.4 Thermodynamic properties of UCl3 in LiCL-KCl reported by literature 

 

 

 

 

 

 

 

 

 

 

Table A.5 Exchange current density of U/U3+ in LiCl-KCl from literature studies 

Reference Concentration Exchange current density, i0 (A cm-2) 

723 K 773 K 798 K 923 K 

Choi [48] 3.3 wt%  0.0584 (W) 

0.0398 (C) 

0.0204 (SS) 

0.0202 (Zr) 

  

Rose [50] 5 wt% 0.0695 

 

  0.22 

Ghosh [49] 4 wt%   0.008  

Lim [51] 1 wt%  0.01295 0.01833 0.02146 

*W: tungsten, C: carbon based, SS: stainless steel, and Zr: zirconium.   

 

 

Literature T (K) Concentration ∆G  

[kJ mol-3] 

γ × 103 Methods 

Masset [38] 673 

703 

773 

823 

9.87×10-5  

(mol cm-3) 

-745.1 

-741.8 

-726.2 

-712.9 

0.29 

0.35 

1.39 

4.47 

CV, CP 

 

Kuznetsov [39] 723 

773 

823 

6.26×10-5 

(mol cm-3) 

 0.41 

0.57 

0.81 

CV, LSV, 

CP, CA, EIS 

Roy [41] 673 

694 

723 

 -731.7 

-726.4 

-723.1 

2.0 

3.2 

3.1 

OCP 

 

Shirai [40] 773 8.8×10-4  

(mol fraction) 

-710.1  CV 

Wentao [54] 723 4.98×10-3 

9.90×10-3 

1.48×10-2 

1.96×10-2 

2.44×10-2 

2.91×10-2 

(mole fraction) 

 8.42 

11.5 

15.4 

20.2 

26.8 

34.5 

Computation

al modeling 
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Appendix B. Data from U-Gd mixture 
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Figure B.1 Cyclic voltammogram in (a) sample no. 5, (b) sample no. 6, (c) sample no. 7, (d) 

sample no. 8, (e) sample no. 9, (f) sample no. 10 at temperature of 773 K. The scan rate was 

ranging from 50 mV s-1 to 200 mV s-1. 
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Figure B.2 The measured and fitted impedance spectra in the mixture salts (sample no. 5 – 10) 

at 773 K.  
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Figure B.3 Equilibrium potentials of U3+/U in LiCl-KCl-UCl3-GdCl3 samples (no. 5 – 10), 

measured by OCP method. U metal was pre-deposited on the tungsten rod by applying 

potential at -1.6 V (vs. Ag/AgCl) for 30 seconds.   
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Appendix C.  Extension Study of the NEUP Project: Exchange 

Current Density of Uranium with Magnesium in LiCl-KCl Eutectic 

Salt 
 

Hunter Andrews and Supathorn Phongikaroon 

Department of Mechanical and Nuclear Engineering 

Virginia Commonwealth University, Richmond, VA 23284 

 

RESEARCH DEVELOPMENT 

Objectives and Goals 

The main objective of this study is to conduct the electrochemical measurements of 

uranium in the presence of another species (magnesium) in the LiCl-KCl eutectic salt to provide 

safeguard signatures and improve the material detection analysis. Exchange current density (i0) of 

uranium has been focused by using three methods: (1) Linear polarization (LP), (2) Tafel, and (3) 

Cyclic voltammetry (CV).   

 

New Experimental Setup 

The electrochemical experiments were contained within an argon atmosphere glove box 

with oxygen and water concentrations maintained at less than 5 ppm. The experiments were run 

using a Biologic VSP-300 potentiostat and a ThermoScientific FB1300 furnace, as shown in 

Figure C.1.  

 

 
Figure C.1. Experimental apparatus and instruments at VCU. 
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Before preparing all samples, the primary alumina crucible was cleaned ultrasonically in 

acid for one hour and then baked for 24 hours at 773 K to remove any impurities that may 

contaminate samples. Samples were created by mixing proper ratios of lithium chloride (LiCl, 

99.95%) and potassium chloride (KCl, 99.95%) from Alfa Aesar into an aluminum oxide crucible 

to form LiCl-KCl (58.2:41.8 mol%) eutectic salt.  This crucible was then lowered into an aluminum 

oxide secondary crucible. The crucibles and salt mixture were placed into a furnace to be dried at 

approximately 523 K for a minimum of 5 hours to remove any moisture in the salt.  After the 

drying period, the furnace temperature was raised to 773 K to allow the salt to melt and fully mix 

at an incremental rate of 5 K min-1 in order to prevent any thermal shock within the system. After 

the melting period had come to completion, the salt was allowed to cool to room temperature. 

Then, specific amounts of uranium chloride (UCl3, 69.7%) and or magnesium chloride (MgCl2, 

99%) were added to the LiCl-KCl salt to form the various sample compositions.  All salt samples 

underwent the same drying and melting process as mentioned previously after adding UCl3/MgCl2.  

For the electrochemical testing, the UCl3-MgCl2-LiCl-KCl sample remained in the alumina 

crucible located at the bottom of the furnace. A thermocouple, oriented so that it was centered in 

the crucible and the tip is submerged into the mixture, was used to monitor the salt temperature.  

 

 
 

Figure C.2. Furnace schematic for electrochemical experiments. 

 

Silver-silver chloride (1 mol% Ag/AgCl) was used as the reference electrode throughout 

the measurements. This reference electrode was prepared by contacting a 1 mm Ag wire to LiCl-

KCl-5 mol% AgCl within a 7 mm diameter Pyrex tube. This custom made Pyrex tube was designed 

so that the thickness at the tip is thin enough to permit ionic conduction. Tungsten rod (1.5mm D) 

was used as the working electrode and uranium metal chips in a molybdenum basket submerged 

into the molten salt was used as the counter electrode. The submerged depth of the electrodes were 

Cathode electrode (tungsten 

rod, 1.5mm D) 
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measured for each test in order to calculate the contact surface area. This experimental set up is 

depicted in Figure C.2.  

 

Results and Discussion 

Comparison of Exchange Current Density Acquisition Methods of UCl3 in LiCl-KCl 

The goal of this comparison was to find which method could be used as a near real-time 

approximation of the value. Exchange current density of uranium was found from cyclic 

voltammetry curves by applying linear regression to the small overpotential window. The slope of 

this line is equal to the current over the overpotential and can be used in a reduced form of the 

Butler-Volmer equation:  

where i0 is the exchange current density (A cm-2), i is the current density (A), η is the overpotential 

(V), R is the universal gas constant, T is the absolute temperature, and F is the Faraday constant. 

By using the slope of the small overpotential region, ±10 mV, as the value of the RHS term in Eq. 

(1), the exchange current density can be found. The same method can be used with LP data sets to 

find the exchange current density value.  Detailed procedures can be found in Ref. [1].  

Tafel plots were used as the third and final method for determining i0. Tafel plots were 

created using LP data by modifying the vertical axis to a logarithmic scale. The Tafel method is 

done by utilizing a reduced form of the Butler-Volmer equation that is applicable to a large 

overpotential window: 

 

where α is the dimensionless charge coefficient. By using linear regression in this large 

overpotential region, a line can be extrapolated along the plot. The point where this line and the 

zero overpotential line intersect is equal to log(i0).  For this technique, the selected Tafel region 

was ranging from -2.15 V to -2.30 V to properly compare all resulting values. 

The three methods were used to compute the i0 values of UCl3 in LiCl-KCl at 

concentrations of 1.0 wt% and 2.0 wt% and temperatures ranging from 723K – 798K. The same 

experiments were repeated with 0.5 wt% MgCl2 present in the system. The exchange current 

density values calculated using CV, LP, and Tafel methods are shown in Tables C.1 - C.3, 

respectively.  Additionally the exchange current density values are graphically compared in Figure 

C.3.  Here, Figure C.3 shows that the exchange current density increases with temperature as 

expected.  As seen in Tables 2-3, the errors for LP and Tafel are greater due to deposition changing 

the working electrode surface area during testing.  CV proves to be the most advantageous method 

due to its lack of error originating from deposition. Additionally, CV is capable of being run at 

greater scan rates which is more favorable for future near-real time applications. When both CV 

and LP exchange current densities are compared with those found by Yoon and Phongikaroon [1], 

CV is the most consistent following both the same trends and being comparable in values (see 

log (i) = log( i0) +
α𝑛F

2.303RT
η (2) 

i0 =
RT

𝑛FS

i

η
 

(1) 
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Figures C.4 and C.5).  Further analysis will be accomplished in the next report.  Addition Figures 

can be found in the Additional Data Profiles section. 

 

Table C.1. Exchange current density values acquired through cyclic voltammetry 

 

 

Table C.2. Exchange current density values acquired through linear polarization 
 

LP Exchange Current Density, i0 (A/cm2) 

T(K) 1.0wt% UCl3-

0.0wt% MgCl2 

2.0wt% UCl3-

0.0wt% MgCl2 

1.0wt% UCl3-

0.5wt% MgCl2 

2.0wt% UCl3-

0.5wt% MgCl2 

723 0.00970 ± 0.0013 0.02372 ± 0.0034 0.02235 ± 0.0009 0.13859 ± 0.0097 

748 0.01218 ± 0.0031 0.04349 ± 0.0128 0.03848 ± 0.0020 0.14649 ± 0.0172 

773 0.01493 ± 0.0027 0.05821 ± 0.0151 0.03881 ± 0.0005 0.20363 ± 0.0179 

798 0.01347 ± 0.0021 0.05761 ± 0.0066 0.06147 ± 0.0130 0.32357 ± 0.0673 

 

Table C.3. Exchange current density values acquired through the Tafel method 
 

Exchange Current Density, i0 (A/cm2) 

T(K) 1.0wt% UCl3-

0.0wt% MgCl2 

2.0wt% UCl3-

0.0wt% MgCl2 

1.0wt% UCl3-

0.5wt% MgCl2 

2.0wt% UCl3-

0.5wt% MgCl2 

723 0.00379 ± 0.0003 0.01148 ± 0.0012 0.00306 ± 0.0021 0.09667 ± 0.0086 

748 0.00696 ± 0.0029 0.03024 ± 0.0136 0.01934 ± 0.0049 0.17036 ± 0.0527 

773 0.00791 ± 0.0009 0.06517 ± 0.0345 0.01294 ± 0.0087 0.22984 ± 0.0288 

798 0.00770 ± 0.0035 0.05632 ± 0.0159 0.04040 ± 0.0175 0.42768 ± 0.1689 

 

 

 

 

 

 
CV Exchange Current Density, i0 (A/cm2) 

T (K) 1.0wt% UCl3-

0.0wt% MgCl2 

2.0wt% UCl3-

0.0wt% MgCl2 

1.0wt% UCl3-

0.5wt% MgCl2 

2.0wt% UCl3-

0.5wt% MgCl2 

723 0.01241 ± 0.0020 0.02857 ± 0.0040 0.02429 ± 0.0039 0.07456 ± 0.0048 

748 0.02233 ± 0.0007 0.03439 ± 0.0027 0.03065 ± 0.0066 0.09254 ± 0.0289 

773 0.01384 ± 0.0026 0.03980 ± 0.0029 0.03875 ± 0.0072 0.12169 ± 0.0368 

798 0.01409 ± 0.0009 0.04648 ± 0.0005 0.05126 ± 0.0076 0.14012 ± 0.0343 
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Figure C.3 Comparison of i0 acquisition methods (a) 1.0wt% UCl3-0.0wt% MgCl2, (b) 2.0wt% 

UCl3-0.0wt% MgCl2, (c) 1.0wt% UCl3-0.5wt% MgCl2, and (d) 2.0wt% UCl3-0.5wt% MgCl2  

 

 

Figure C.4 Comparison of experimental and literature values for 1.0wt% UCl3-LiCl-KCl [1]. 
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Figure C.5 Comparison of experimental and literature values for 2.0wt% UCl3-LiCl-KCl [1]. 

 

Future works 

 

 Complete the analysis of the fundamental properties in LiCl-KCl-UCl3-MgCl2 mixtures. 
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Additional Data Profiles: 

 

 
 

Figure A1. Cyclic voltammograms of (a) 1.0wt% UCl3-LiCl-KCl and (b) 2.0wt% UCl3-LiCl-KCl 

 

 
 

Figure A2. Linear polarization of (a) 1.0wt% UCl3-LiCl-KCl and (b) 2.0wt% UCl3-LiCl-KCl 
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Figure A3. Cyclic voltammograms of (a) 1.0wt% UCl3-0.5wt% MgCl2-LiCl-KCl and (b) 2.0wt% 

UCl3-0.5wt% MgCl2-LiCl-KCl 

 

 

 

 

 

Figure A4. Linear polarization of (a) 1.0wt% UCl3-0.5wt% MgCl2-LiCl-KCl and (b) 2.0wt% 

UCl3-0.5wt% MgCl2-LiCl-KCl 
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